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1. Introduction

Given the well-defined enzymology of the manga-
nese catalases and recent advances in the structural
biology of these proteins, this is an excellent area for
corroborative modeling of the active site and elec-
tronic structures of these enzymes. Additionally,
there are many small molecules that display the
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same catalytic activity as this enzyme class with
rates that are approaching those reported for cata-
lytic enzyme activity. There have been numerous
excellent reviews!™® that focus on the catalase en-
zymes themselves or speculative models (from struc-
ture to reactivity). We will focus in this review on
the most relevant structural, spectroscopic, and
catalytic models.

The potential relationship between the manganese
catalases and the oxygen-evolving complex (OEC) of
Photosystem Il was an early driving force for the
investigation of Mn catalase biomimetic chemistry as
it was felt that the Mn catalases might provide
insight into the more complex chemistry of water
oxidation (2H,O — O, + 4H' + 4e7). It is now
realized that the Mn catalases are structurally more
similar to Mn ribonucleotide reductases or Mn argi-
nase (both enzymes containing two Mn ions) than the
3 + 1 organization of the OEC.® Furthermore, there
have been contradictory claims as to whether water
oxidation occurs through a peroxide intermediate or
occurs in a single, four-electron step. Thus, it is our
intent to emphasize the modeling chemistry as it
relates solely to manganese catalase chemistry.

2. Catalases in Biology

Hydrogen peroxide is produced in aerobes as a
result of the partial reduction of O,. Because of the
toxicity of H,O,, aerobic organisms have had to
develop methods for its decomposition. Most organ-
isms utilize a heme-containing catalase to catalyze
the disproportionation of H,O, to H,O and O,. One
of the characteristics of heme catalases is that they
are inhibited by low concentrations of azide and
cyanide. However, it has been known since the 1960s
that some catalases are insensitive to azide and
cyanide,”® suggesting that they might be non-heme
enzymes, and this was confirmed in 1983, with the
isolation and purification of a Mn-containing catalase
from Lactobacillus plantarum.t® Several Mn-contain-
ing catalases have now been purified and at least
partially characterized, including enzymes from Ther-
mus thermophilus HB-8'* and Thermoleophilum al-
bum NM,*213 Thermus sp. YS 8-13,* Salmonella
enterica,'® and most recently from the hyperthermo-
philic archaeon, Pyrobaculum calidifontis VA1.16
Sequence alignments suggest that several other
organisms may contain Mn catalase. Although non-
heme catalases were referred to as “pseudocatalase”
in some of the early literature, Mn catalase (MnCat)
is a more appropriate name,® since there is nothing
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“false” about their catalase activity. The Mn catalases
represent a new class of biological site, and thus have
provided a valuable framework for testing the ability
of bioinorganic chemistry to mimic an important
biological reaction. Mn catalases are relatively well
characterized spectroscopically, and in recent years
several MnCat crystals structures have been deter-
mined. This makes MnCat an especially attractive
bioinorganic target, since one can test the ability of
model compounds to mimic not only reactivity but
also the spectra and the structure of the enzyme
active site. This review summarizes the current state
of MnCat modeling, beginning with a review of the
key enzymatic properties to be modeled.
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2.1. Oxidation States

Although the disproportionation of hydrogen per-
oxide is thermodynamically favorable, rapid reaction
requires a two-electron catalyst. For heme catalases,
this is accomplished by cycling between Fe''' and an
Fe!V porphyrin z-cation, and occurs at a very high
rate. Manganese catalases have a turnover number
of ~2.0 x 10° s71,1718 gapproximately 1% of that for
heme catalase, but still quite fast. With two Mn ions,
each of which can, at least in principle, operate
between Mn" and Mn', there are five possible
oxidation states for MnCat. A combination of EPR,
UV—visible spectroscopy, and X-ray absorption spec-
troscopy has shown that MnCat can exist in at least
four of these: a reduced Mn'", state, a mixed-valence
Mn''Mn'" state, an oxidized Mn'", state, and a
superoxidized Mn"'"Mn'V state.'®2° There is no evi-
dence to date for a Mn'Y, state. With four known
oxidation states, two different two-electron catalytic
cycles are possible. However, addition of NH,OH +
H,O; converts the as-isolated enzyme, which contains
a mixture of all four oxidation states, to the super-
oxidized state, with complete loss of activity.?*??2 The
lack of reactivity for the superoxidized enzyme elimi-
nates the possibility of a Mn"Mn"' < Mn'"Mn'v
catalytic cycle. Spectroscopic studies have shown that
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H,0O; can both oxidize the reduced enzyme and reduce
the oxidized enzyme.®2 This is consistent with these
being the catalytically active oxidation states (eqgs 1
and 2), although it does not completely rule out the
possibility of a Mn'"", < Mn!V, catalytic cycle. The

Mn", + H,0, =~ Mn", + 0, +2H" (1)
Mn'", + H,0, + 2H = Mn", + 2H,0 (2

mixed-valence Mn"Mn"" oxidation state is the least
well characterized, and the L. plantarum enzyme has
not been shown to form a stable mixed-valence Mn'!-
Mn"" form. On the basis of model studies,?* it has
been suggested that the Mn''"Mn'"' derivative is
formed by one-electron reduction of the oxidized
enzyme by NH,OH and is then oxidized by H,O, to
form in the inactive, superoxidized Mn'"Mn'Venzyme.

2.2. Reactivity

Activity of the L. plantarum and the T. thermo-
philus enzymes is nearly independent of pH from 7
to 10,822 while the T. album shows a narrower
activity profile, with greatest activity between pH 8.0
and 9.0.1? There are as yet no examples of intermedi-
ates in which a Mn-peroxo complex has been trapped.
In lieu of such an intermediate, a great deal of effort
has been devoted to studying anion binding as a
surrogate for substrate binding.?22526 A variety of
anions, including halides, azide, and cyanide, inhibit
the enzyme. The last two are a bit surprising, since
MnCat was originally identified on the basis of its
azide- and cyanide-independent catalase activity.
However, this simply reflects the much weaker
inhibition by azide and cyanide than is seen for heme
enzymes. In contrast to the pH-independent reactiv-
ity, anion binding typically shows strong pH depen-
dence, increasing at lower pH.

For L. plantarum MnCat, azide inhibition is com-
petitive,’® with K; = 80 + 4 mM at pH 7, falling to
~5 mM at pH 5.5. Halides are also effective inhibitors
of MnCat, especially at lower pH, and turnover in
the presence of either fluoride or chloride traps the
enzyme in the reduced state.?” Two fluoride ions bind
per Mn'', active site (Kg = 12 and 140 uM, pH 5.5),
with one H* taken up per F~ bound.?® For the
oxidized enzyme, only a single fluoride binding
constant was seen, and this was weaker (Kq = 0.5
mM, pH 5.5) than either of the binding constants for
the reduced enzyme. This is not consistent with
typical anion—Mn interactions, which normally in-
crease in strength with increasing oxidation state,
and may reflect a structural change such that tight
anion binding is blocked for the oxidized enzyme. The
higher affinity of the reduced enzyme for fluoride may
explain the observation that it is the reduced enzyme
that is trapped during turnover with fluoride.

2.3. Structures

Several crystal structures are now available for
MnCat, including two at atomic resolution;?°—3! these
show that the Mn catalase monomer consists of a
bundle of four antiparallel a-helices, with the Mn site
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buried in the center of the bundle. This is a structural
motif similar to that seen in a number of di-iron
enzymes,® with the first and third helices providing
a glutamate or aspartate ligand, and the second and
fourth containing a HXXE site, thus providing a total
of two histidines and four carboxylates that could
coordinate to Mn. In contrast with di-iron enzymes,
one of the carboxylates in MnCat is not involved in
Mn binding, with ligands coming for the two his-
tidines, one bound to each Mn, and the other three
carboxylates. For T. thermophilus MnCat, 1-A crystal
structures are available for the reduced and the
reduced + chloride forms of the protein.?® Although
the structures were solved to atomic resolution,
interpretation is complicated by the fact that the
asymmetric unit contains two independent four-helix
bundles, and each of these has two different confor-
mations for the Mn cluster. The two conformations
are present in approximately equal amounts for the
native enzyme, thus giving four independent Mn
cluster structures. The two conformations differ in
the ligation of glutamate 36, which is bidentate
chelating in one conformation and monodentate in
the other (with the vacant coordination site filled by
water). There is one five-coordinate Mn site and one
six-coordinate Mn site, although, surprisingly, the
Mn—ligand bond lengths at the five-coordinate site
are slightly longer than those for three of the four
six-coordinate sites (2.18 vs 2.14 A). This is in
contrast with the decrease in distance that is usually
seen when coordination number decreases. The two
Mn’s are bridged by two solvent molecules and a
bidentate carboxylate, with the bridging solvent
atoms displaced by approximately 0.1 A toward the
six-coordinate Mn (Mn—0O distances of 2.05 vs 2.15
A). When chloride is added, the chlorides replace both
bridging water molecules, with a Mn—ClI distance of
2.55 A. The Mn—Mn separation is 3.13 A in the
native protein, increasing to 3.30 A when chloride
binds.

Three crystal structures have been reported for
oxidized MnCat, two for the wild-type L. plantarum
enzyme (native and with azide added) and one for a
Y42F mutant of L. plantarum MnCat.3%32 These are
at somewhat worse resolution (1.3—1.4 A) except for
the wild-type native L. plantarum, which was mea-
sured at room temperature and, perhaps for this
reason, diffracted only to 1.8 A. The core structure
is very similar to that reported for reduced T.
thermophilus catalase, although only the conforma-
tion with a monodentate glutamate + a third solvent
molecule (conformation 2 for the reduced enzyme) is
seen and Mn2 (the five-coordinate Mn in the reduced
structures) has become six-coordinate in the oxidized
enzyme, with conversion of a glutamate from mono-
dentate to bidentate. Azide binds with displacement
of a terminal water, but with little other change in
structure. Surprisingly, the bond lengths for the two
Mn’s in the oxidized MnCat structures are quite
different (average = 2.05 vs 2.21 A). This would be
consistent with partial X-ray photoreduction of the
cluster. Although the crystals retained their pink
color at the end of the measurements, photoreduction
should be quite facile,?” particularly for the native
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structure measured at room temperature. The bridg-
ing solvent molecules for oxidized MnCat are modeled
as one oxo and one hydroxo ligand. This would
explain the strong Mn—Mn exchange coupling that
is found in some studies (see below) but seems
inconsistent with the long (1.9—2.1 A) Mn—0 dis-
tances that are seen, since Mn—oxo distances tend
to be closer to 1.7 A. The Mn—Mn distances are 3.03
A in the native enzyme and 3.19 A in the azide
derivative, very similar to those found for the reduced
enzyme.

The crystal structure for the oxidized form of the
Y42F mutant of L. plantarum catalase®* has Mn—
ligand distances that are more typical of those seen
in Mn'"" model complexes, although this structure
also suffers from the presence of two different Mn
conformations. The Mn core structure is similar to
that found for the wild-type oxidized site, with the
exception that one of the bridging solvent molecules
has been converted to a terminal ligand, leaving a
five- and a six-coordinate Mn (or a four- and a six-
coordinate Mn in the second conformation) and
lengthening the Mn—Mn distance to 3.42 A.

Given the presence of two conformations in several
of the structures, the rather short Mn—ligand dis-
tances found for reduced MnCat, the unusually long
Mn—ligand distances that are seen for one of the two
Mn’s in oxidized MnCat, and the possibility of radia-
tion damage, it seems possible that these crystals
may contain a mixture of Mn oxidation states. If so,
this could make it difficult to determine accurate
metric parameters for the Mn site from crystal-
lography. Fortunately, both EPR and EXAFS spec-
troscopies provide complementary structural param-
eters. From the magnetic dipole interaction between
the Mn, Dgip, the Mn—Mn distances in reduced T.
thermophilus MnCat have been estimated to be 3.31,
3.51, 3.59, and 3.63—3.70 A for the fluoride-, chlo-
ride-, phosphate-, and cyanide-bound derivatives,
respectively, with a longer distance (=3.7 A) for the
anion-free enzyme.®>3 Similar measurements for
reduced L. plantarum MnCat gave an apparent Mn—
Mn distance of 3.4 A28 0.2 A shorter than for T.
thermophilus. It is not clear whether this difference
reflects differences in data analysis (the L. plantarum
study took more careful account of zero-field splitting)
or reflects a genuine difference between the proteins.
All of the EPR-derived Mn—Mn3>37 distances are
longer than the Mn—Mn distances that were found
crystallographically.

The EXAFS data for reduced L. plantarum MnCat
show two resolvable shells of nearest-neighbor N/O
ligands at 2.11 and 2.27 A3 These distances are
typical of Mn'" with mixed oxygen/nitrogen ligation,
but are somewhat shorter than the average Mn—
ligand distance seen crystallographically. The EXAFS
data also show evidence for outer-shell carbon scat-
tering from the histidine imidazoles and from a
Mn---Mn feature at 3.54 A. This apparent Mn—Mn
distance derived from EXAFS is close to that deduced
from the EPR, but significantly longer than that
found crystallographically. EXAFS data have also
been measured for superoxidized MnCat, a form of
the enzyme that has not been studied crystallo-
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graphically. These data®® also showed two resolvable
shells of nearest-neighbor scattering, in this case at
1.82 and 2.08 A, together with an intense Mn—Mn
feature at 2.70 A, consistent with a Mn""(x-oxo0),Mn'V
structure.

2.4. Spectroscopy
2.4.1. Magnetic Resonance

EPR signals are seen for all four known oxidation
states of MnCat, although the oxidized enzyme shows
only an EPR signal at very low field.®® In the absence
of added anions, the EPR signal of reduced MnCat
is extremely broad and weak.?? In the presence of a
variety of anions, the signal shows four broad transi-
tions, typical of a weakly coupled Mn''; dimer. The
intensity of this signal increases as the temperature
increases, with a maximum at ~50 K, indicating that
the signal arises from an excited spin state of an
antiferromagnetically coupled Mn''; dimer. The
Heisenberg spin Hamiltonian (H= —2JS;-S,) allows
for the exchange coupling, J, of T. thermophilus
MnCat to be estimated?? at —14.4 cm™%, assuming
that only the S = 1 state contributes to the signal,
or —5.6 cm™! if contributions from the S = 2 state
were included.®® Analogous measurements for the L.
plantarum enzyme, including spectra measured in
both parallel and perpendicular polarization, gave a
much stronger exchange interaction (J = —20 cm™1).%8
When two fluorides bind to the L. plantarum MnCat
active site, there is a 4-fold decrease in J, to ~ —5.25
cm™2. This decrease, together with the stoichiometry
of two fluorides/Mn dimer, led to the suggestion that
reduced MnCat has a (u-OH),-bridged structure and
that the hydroxide bridges are replaced by fluoride
bridges.?® Although this model explains the stoichi-
ometry and pH dependence of fluoride binding, it is
not clear that the spectroscopically determined Mn—
Mn separation of 3.5—3.7 A is small enough to
accommodate the di-u-OH geometry. In addition, this
structural picture does not provide a ready explana-
tion for the pronounced sensitivity of the reduced
MnCat EPR spectrum to the presence of anions such
as phosphate or sulfate.

The mixed-valence oxidation state is characterized
by an ~18-line EPR signal attributed to an antifer-
romagnetically coupled S = 1/, ground state.?? On the
basis of the temperature dependence of this signal,
the exchange coupling appears to be relatively weak
(J < =20 cm™1).40

Superoxidized MnCat has a 16-line EPR signal
that is typical of strongly antiferromagnetically
coupled Mn"'"Mn'V dimers. Detailed investigations of
both the L. plantarum and the T. thermophilus
enzymes, including measurements at S-, P-, X-, and
W-bands and ultrahigh field, all give very similar
results, with substantial hyperfine anisotropy for
Mn"" but much less anisotropy for the Mn!V.37.40.41 Sjx
resolved pairs of D,O-exchangeable lines were seen
in the 'H electron—nuclear double resonance (EN-
DOR) spectra for superoxidized T. thermophilus
MnCat.*> These were attributed to a water (or pos-
sibly a hydroxide) that is hydrogen bonded to an
oxygen ligand on the Mn'Y. Electron spin—echo
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envelope modulation (ESEEM) spectra for superoxi-
dized T. thermophilus MnCat show modulations from
1N consistent with those expected for coordinated
nitrogens; presumably these come from the histidines
that are seen in the crystal structure of the lower
oxidation states.®® Addition of either N3~ or CN~
results in a slight decrease in the Mn hyperfine
coupling, with almost no change in the g tensor. Both
anions give similar effects, and both cause modest
changes in the N ESEEM parameters. Identical
spectra are seen for unlabeled and **N-labeled anions,
suggesting that neither anion is coordinated directly
to Mn in the superoxidized enzyme.

2.4.2. Electronic Spectroscopy

Electronic transitions within the d manifold are
both spin and orbitally forbidden for Mn'!, and thus
only the oxidized forms of MnCat have significant
electronic transitions. The absorption spectrum of
oxidized MnCat is distinct from those of most bi-
nuclear Mn'"" models in that it lacks low-energy
(5000—10 000 cm™1) absorption bands.*® This is con-
sistent with the presence of five-coordinate Mn in
oxidized MnCat. There are additional differences
between the higher energy features in the absorption
and MCD spectra of oxidized MnCat and oxo-bridged
Mn'"" models, suggesting that the Mn ions in MnCat
may be bridged by a hydroxo or perhaps an aquo
group rather than by an oxo group, which would be
consistent with the weak exchange coupling seen at
neutral pH. It has been suggested® that the MCD
signal seen for oxidized MnCat comes from oxida-
tively damaged enzyme, and that the active enzyme
is diamagnetic, although this would seem to be
contradicted by magnetic susceptibility data for
oxidized MnCat (see below). In a mutant of L.
plantarum MnCat, MCD data suggest a pH-depend-
ent conversion between paramagnetic and diamag-
netic forms of the enzyme, at least in the Y42F
mutant.3

When azide is added to oxidized L. plantarum
MnCat, an intense new transition is seen at 370 nm
(27 000 cm™1) that is assigned as an azide — Mn
charge-transfer transition.*® There are only minor
changes in the ligand field bands below 25 000 cm™!
when azide binds to oxidized MnCat, suggesting that
the Mn coordination number does not change when
azide binds. On the basis of the pattern of band shifts
when N3~ binds, it appears that N3~ binding involves
primarily N3~ & overlap with the Mn d,, and dy,
orbitals (z is defined along the Mn-bridge direction).
This would be consistent either with an end-on
nonbridging geometry or with a u; s-bridging geom-
etry for N3~, and presumably also for H,O..

The MCD spectrum for superoxidized L. plantarum
MnCat is similar to the spectra for di-u-oxo-bridged
Mn"'Mn" dinuclear models, but with weaker oxo —
Mn charge-transfer transitions, suggesting that the
Mn,(u-O), core may be bent in superoxidized Mn-
Cat.** As in oxidized MnCat, azide and cyanide also
bind to superoxidized MnCat, causing perturbations
in the UV—visible and EPR spectra.®®*44> The inten-
sity of the oxo — Mn charge-transfer transitions
increases when azide binds, perhaps because azide

Chemical Reviews, 2004, Vol. 104, No. 2 907

binding causes a slight flattening of the Mny(u-O),
core. This would be consistent with the decrease in
Mn hyperfine coupling seen in the EPR when azide
binds.3°

2.4.3. Magnetism

Magnetic susceptibility measurements for reduced
T. thermophilus MnCat gave J = —2.4 cm™?, with this
value decreasing to —1.7 cm~! when phosphate was
added.*® Subsequent reanalysis of these data sug-
gested somewhat larger coupling in the phosphate-
free enzyme (—5 cm™%), with a similar value found
for the L. plantarum enzyme.*” These couplings are
smaller than those deduced from EPR, suggesting
that instead of a di-u-OH-bridged core, the reduced
enzyme might have a Mn''(u-OH)(u-carboxylato)Mn"!
structure in the anion-free enzyme, and Mn'"(u-OH,)-
(u-phosphato)(u-carboxylato)Mn'' when phosphate is
bound. A similar aquo-bridged structure was also
suggested for the fluoride-inhibited enzyme (J = —1.3
cm™1),*” in contrast with the suggestions from EPR
and crystallography that halides bridge the two Mn'’s.
Magnetic susceptibility data for oxidized T. thermo-
philus MnCat showed evidence for two different
species, one weakly coupled (J ~ —2 cm™') and one
strongly coupled (J &~ —100 cm™1).#8 These were seen
at neutral and basic pH values (6.5 and 9.5) and were
attributed to u-oxo,u-carboxylato and di-u-oxo,u-car-
boxylato bridges, respectively. The pH dependence
of the concentration of these species (42% strongly
coupled at pH 6.5; 80% strongly coupled at pH 9.5)
does not match that expected for a 1000-fold change
in proton concentration, suggesting either that the
samples may not have been fully equilibrated or that
a paramagnetic impurity may have complicated
interpretation of the data.

3. Structural Models

The earliest studies in this field used speculative
modeling in an effort to assess the ligand types, metal
oxidation states, and metal—metal separations for
the various enzyme oxidation levels of the Mn cata-
lases. As discussed above, instead of a heme group,
the manganese catalases utilize a dinuclear active
site for efficient disproportionation of hydrogen per-
oxide to dioxygen and water. The presence of a
dinuclear core in the Mn catalase makes it of par-
ticular interest to biomimetic chemists as numerous
other metalloenzymes containing iron, zinc, or copper
are known that also use two metals as the active site.
Crystallographic studies34°5° indicate that there are
two five- or six-coordinate manganese ions that are
each ligated by two histidines and two glutamates
and bridged by at least one carboxylate from the
protein and up to two oxo species (water, hydroxide,
oxide) in the reduced enzyme. Many synthetic di-
nuclear complexes that are direct structural ana-
logues for the manganese catalase active sites have
been generated over the years; of particular interest
are those that mimic spectroscopic and/or catalytic
properties of the enzyme. Among the well-character-
ized dinuclear complexes, several bridging modes
appear repeatedly, and each can be identified with a
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Table 1. Mn—Mn Separations for Common Bridging
Species

bridging oxidation Mn—Mn
species state separation (A)
Mn;(u-O) linear /111 3.3-34
VIV 35
Mn(u-0) (u-OAc); I, 1, v 3.1-3.6
Mn,(u-0), i/ 2.8
/v 2.6—2.7
VIV 2.6—-2.7
Mn;(u-OH), /1l 2.7
Mnz(u-OR); /11 3.2-33
/11 3.1-34
/1 3.1-3.2
/v 3.25
Mn;(u1,3-OAC)2(4-OR) /11 3.6
/1l 3.3
Mn(u-OR)(u1,3-OAC) /11 3.4-35
/1 3.5-3.6
Mn(u-O)2(u1,3-OAC) /v 2.6

relatively invariable Mn—Mn separation (usually
independent of the supporting ligands). Thus, Mn—
Mn distance (Table 1) can often be used as evidence
of a particular core structure when a full crystal
structure is not available, as was the case until
recently. It is important to note that all of the
manganese complexes examined in the Mn'', Mn',
and Mn'v oxidation levels form crystallographically
valence-trapped species with distinct sites for each
oxidation level.

£, \_?R Cr/%

R=H _tacn
R=Me Mestacn

HO OH

/)
\ N N\ TMIMA
/4 \N bpea
; C[
S—
SALPS
OH HO

Figure 1. Ligands and their abbreviations.
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The majority of the complexes listed in this section
were speculative models for the manganese catalases.
For the convenience of the reader, ligands mentioned
in this section and their abbreviations are included
in the glossary (section 8) and in Figure 1, respec-
tively. This is by no means an exhaustive list, and
the reader is encouraged to examine other litera-
turel~>5152 regarding this topic.

3.1. Models with Single Oxo/Hydroxo/Alkoxo
Bridges

The simplest dinuclear structures utilize a single
oxo or hydroxo ligand. This bridging type is not often
found in the literature because dioxo- and dihydroxo-
bridged manganese dimers tend to be more thermo-
dynamically stable than their single oxo- or hydroxo-
bridged counterparts, especially if the bridging species
is unsupported by the ligand framework. Therefore,
of the complexes that have been characterized (Fig-
ure 2), the non-porphyrin-based ligand tpictn pro-
vides the [Mn",(tpictn)(x-OH)] complex®2 in which the
single-bridging hydroxo is nonlinear and supported
by the ligand which spans both Mn ions. The Mn—
Mn separation in this structure is 3.6 A. The [Mn'!'-
MnVO(bpsalden),]** complex® has been prepared
electrochemically and possesses the most linear oxo-
bridge known to date, with a Mn—0O—Mn angle of
178.7° and a Mn—Mn separation of 3.52 A. Nearly
linear oxo bridges can be found in two other com-
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Figure 2. Complexes with single oxo-type bridges (coun-
terclockwise from top left): [Mn''y(tpictn)(u-OH)], [Mn'"!-
Mn'VO(bpsalden),]®*, [Mn'"(TPP)],(u-OH), and [Mn'"!-
(OEP)]2(u-OH). Reprinted with permission from refs 53—
56. Copyright 1995 The Royal Society of Chemistry, and
copyright 1995, 1996, and 1999 American Chemical Society.

plexes as well (Figure 2). In [Mn'"'(OEP)],(«-OH) and
[Mn'"(TPP)].(u-OH), a single hydroxo bridge links
two porphyrin-bound Mn ions and is unsupported by
the ligand.%5%¢ The Mn—O—Mn angles of 160.4° for
the TPP complex (Figure 2c) compared to 152.7° for
the OEP complex are typical of hydroxo-bridged
dimers. The greater linearity of the x-OH bridge in
the TPP complex results in a greater Mn—Mn dis-
tance of 3.99 A. It is likely that this greater linearity
is enforced by the steric demands of the four phenyl
substituents on the porphyrin ring.

Analogues of the mono-u-OH-bridged complexes
include the mono-u-O bridge and the mono-u-alkoxo
bridge. The single u-O bridge motif is less common
and can be seen in dimers that have a preference for
linear MN—O—Mn geometry; usually this preference
arises from the steric demands of a hindered ligand.
One such example is the [Mn"Y(TPP)Nj3](«-O) com-
plex which, like its [Mn"(TPP)],(u-OH) analogue,
exhibits a nearly linear Mn—O—Mn angle.>” Other
linearly bridged manganese dimers include the
[Mn"™(5-NO,saldien)],(u-O) and the [Mn"'(HB(3,5-
Prypz),(3-PrO-5-Prpz))]2(u-O) complexes.*8%° The
Mn—Mn separations are similar, at 3.49 A for [Mn'"''-
(5-NOssaldien)],(«-0) and 3.53 A for [Mn'"'(HB(3,5-
Prypz)2(3-'Pro-5-Prpz))]a(u-0).

More commonly found are the u-alkoxo-bridged
dimers. These complexes have structural parameters
that are quite similar to the u-OH counterparts and
are frequently found in the literature. Compounds
containing a single 4-OR are not as well-known as
(u-OR), complexes; however, several compounds have
been characterized in a variety of oxidation states.
The single u-OR ligands are usually supported by the
ligand scaffold as in the case of the highly supported
2-OH salpn ligand or derivatives thereof. These
complexes include the mixed-valent [Mn"'"Mn'V(2-
OH-(3,5-Clzsal)pn),(THF)]*, with a Mn—O—Mn angle
of 126.7° and a shortened Mn—Mn distance of 3.65
A from its [Mn''(2-OH(3,5-Clzsal)pn)MeOH], coun-
terpart®® (Figure 3), which has itself a Mn—Mn
distance of 3.808 A and a Mn—0O—Mn angle of 129°.
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Figure 3. [Mn'"'(2-OH(3,5-Clysal)pn)MeOH],. Reprinted
with permission from ref 60. Copyright 1992 American
Chemical Society.

Figure 4. Complexes with unsupported (u-O), bridges: (a)
the complex [Mn"(HB(3,5-Prypz)s)]2(u-0)2, (b) [Mn"(bispic-
Me,en)],(u-0)s,, (c) the bis(u-O)-bridged complex [Mn!""Mn!V-
(bpia)o(u-0)2**, (d) [Mn"(salpn)]z(u-O)2, and (e) salen
ligand complex. Reprinted with permission from refs 61,
62, 67, 74, and 80. Copyright 1991, 1994, and 2002
American Chemical Society, and copyright 1998 Elsevier.

3.2. Models with Bis-u-Oxo/Hydroxo/Alkoxo
Bridges

A multitude of bis-u-oxo dimanganese complexes
have been synthesized and are the most prevalent
dimeric form of manganese in the literature. Less
frequently encountered are bis-u-hydroxo and bis-u-
alkoxo counterparts, which demonstrate remarkable
similarities in core structure to the bis-u-0xo com-
plexes despite having quite different ligands. An
example of the bis-u-hydroxo core is seen with the
complex [Mn"(HB(3,5-'Pr,pz)3)]2(u-OH),, which has
a Mn—Mn separation of 3.314 A (Figure 4a). Oxida-
tion of [Mn"(HB(3,5-'Pr,pz)z)]2(«-OH), by permanga-
nate or dioxygen gives a [Mn"(HB(3,5-'Pr,pz)s)]2(u-
0), complex®? with a substantially shortened Mn—
Mn separation of 2.696 A. Another complex (Figure
4b) with nearly the same Mn—Mn distance (2.699
A)8283 js [Mn'"(bispicMe,en)]2(u-0). The significantly
shorter metal separations in Mn(lll) dimers as
compared to Mn(l1) dimers is a consequence of both
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changes in Mn—O—Mn angles and shorter Mn—0O
bond distances. Typically, the average Mn"—(O,N)
distance is ~2.2 A, whereas Mn'"—(O,N) distances
average ~2.05 A; however, these bond distances are
often even further discriminated because the high-
spin d* Mn(l11) ion is subject to a significant axial
Jahn—Teller distortion. This tetragonal distortion
typically elongates two bonds by ~0.2 A and shortens
the four equatorial bonds by ~0.1—0.15 A. In the vast
majority of dinuclear manganese complexes, the
Jahn—Teller axis is perpendicular to the plane of
bridging atoms (an exception is the group of dinuclear
species prepared with the 2-OH-salpn ligand dis-
cussed below). There are no examples of Mn''"Mn'",
Mn'"'5, or Mn"'Mn'Y with (4-O) bridges in which the
elongated axis of the Mn'!" points directly toward the
bridging oxide ligand.

The (u-O), bridging core is also observed for dimers
with higher oxidation states (Mn"'"Mn'Y and Mn'Y).
Of these dimers, several Mn'"'"Mn'Y complexes show
valence localization in which one manganese center
exhibits the axial elongation associated with isolated
Mn'"" jons and the other manganese center exhibits
a more octahedral geometry. There do exist cases
where valence localization is not seen; we have
refrained, however, from including these in the
discussion because the crystallography may not
reflect the true structure (static crystallographic
disorder may make the two manganese centers
appear equivalent). More examples of valence local-
ization can be found in the literature®-%" and include
the [Mn"'"Mn"V(bpy)4(«-O),]*" and [Mn"'"Mn'V(phen),-
(u-0)2]°" complexes as well as the [Mn'""Mn'V(bpia),-
(u-0)2]®" structure (Figure 4c). There are several
more complexes that also exhibit this characteristic.
Higher valent Mn'Y,(u-O), complexes have been
prepared with a multitude of supporting ligands.
Despite the variation in ligands, these complexes
show a typical Mn—Mn separation of 2.7 + 0.1 A &8
but this distance has been shown to depend on the
protonation state.®*~"* For example, one such complex
is [Mn"V(salpn)].(u-O), (Figure 4d); XAS spectroscopy
has shown that the Mn—Mn distance increases by
0.10 A for each protonation of the bridge,’2 7 yielding
~2.8 A for [Mn'V(salpn)],(u-O)(u-OH)* and 2.9 A for
[Mn"V(salpn)(u-OH)],>". Alkylation of the bridges
results in equivalent elongation. The Mn'(u-O),
complexes are too highly oxidized to be important
models for the Mn catalases; however, mixed-valent
cores containing Mn""Mn'(u-O), are important struc-
tures for understanding the inactive, superoxidized
form of the Mn catalases.

More recently, the bis-u-oxo complex [Mn"'Mn'V-
(terpy)2(u-0)2(CF3CO,),] has been synthesized;’® not
only does it exhibit a (u-O), core with a Mn—Mn
distance of 2.727 A, but it also possesses two car-
boxylate groups that coordinate to the Mn centers
in a monodentate fashion. An interesting analogue
of this complex utilizes the bbml ligand to provide
bis-u-alkoxo bridges (Figure 5a); these complexes™ 8
also exhibit terminally coordinated carboxylates at
each manganese center from coordination of toluic
or acetic acid, and both have Mn—Mn separations of
3.21 A

Wu et al.

Figure 5. Bis-u-alkoxo bridged complexes: (a) [Mn'";(ac),-
(bbml),](BF,)2 and (b) [Mn'"!(salpn)],(«-OCHz), complexes.
Reprinted with permission from refs 74 and 77. Copyright
1991 American Chemical Society, and copyright 2001
Elsevier.

Bis-u-hydroxo complexes are rare by comparison
to bis-u-oxo and bis-u-alkoxo complexes. Only a very
few have been structurally characterized to date. Bis-
u-alkoxo complexes are much more prevalent in the
literature. The bis-u-alkoxo complexes based upon the
salpn ligand provide for an interesting series of
structural comparisons. They have been character-
ized with both homovalent and mixed-valent metal
ions as well as with (u-OCHj3), cores and with (4-OR);
cores supported by the ligand. With a core analogous
to that of a (u-OH), complex, [Mn'"'(salpn)].(u-OCHj3),
has been structurally characterized™ and exhibits a
3.192 A Mn—Mn separation and characteristic Jahn—
Teller elongation axes which include the bridging
alkoxide ligands (Figure 5b). By comparison, the
supported ligand structure, [Mn'"'(2-OHsalpn)].,, pos-
sesses two alkoxide bridges but shows a longer Mn—
Mn separation. The bis-u-alkoxo-bridged mixed-
valent [Mn"'"Mn'V(2-OHsalpn),]* is also known™ and
shows a Mn—Mn separation of 3.3 A, a value that is
significantly larger than for analogous bis-u-O com-
plexes in the same oxidation state. A similar Schiff-
base ligand, salen, provides an interesting compari-
son to the salpn complexes.?’ The salen ligand bridges
two manganese ligands but allows for unsupported
(u-0) bridging and a Mn—Mn distance of 2.706 A
(Figure 4e).

3.3. Carboxylate-Bridged Complexes

MCD data collected on the Mn catalase en-
zymes*74881 syggest coordination of at least one
bridging carboxylate, and X-ray structure data333
corroborate the presence of Glu70 near the diman-
ganese active site in T. thermophilus and, similarly,
Glu66 in L. plantarum. While there exist models in
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(b) {[Mn"(bpia)]>(u-O,u-OAc)}3*. Reprinted with permis-
sion from refs 67 and 82. Copyright 1993 and 2002
American Chemical Society.

which the bound Mn ions are exclusively u, s-car-
boxylate-bridged, there are many more synthetic
complexes exhibiting more than one type of bridging
species that are of greater relevance to catalase active
sites (which may have multiple oxo-type as well as
carboxylate bridges). Therefore, the most appropriate
synthetic model for the active site of the pseudocata-
lases must also include carboxylate ligation. The
largest and most important class of synthetic com-
plexes is those with (mono- or di-u-O,u-carboxylato)
cores.

Among the simplest complexes are those with Mn,-
(u-O,u-carboxylato) cores. One such example (Figure
6a) is {[Mn(bispicen)]»(«-O)(u-OAc)}3*: the Mn'
centers maintain a roughly octahedral geometry and
are separated by 3.276 A.82 This particular core has
been characterized only in the dimanganese(lll)
oxidation state. Although none of the complexes with
Mn'"'5(u-OH)(u-OAc) have been crystallographically
characterized, comparisons can be made to Mn(u-
OR)(u-OAc) cores such as those found in Mn'",-
(salampn)(u-OAc) and Mn'",(2-OHbenzimpn)(u-OAc)
(Figure 7).8384 Despite having different oxidation
states for the Mn centers, the Mn—Mn separations
in these complexes are nearly identical, at 3.55 A for
the former and 3.54 A for the latter. The benzimpn
complex is noteworthy because it may accommodate
a variety of different bridges (which have been
proposed on the basis of its catalytic activity and
which will be discussed later); only the (u-OR,u-OAc)
core,® however, has been structurally characterized.

Analogous to the {[Mn(bispicen)](u-O)(u-OAc)}3*
complex are the {[Mn(TMIMA)],(u-O)(u-OAc)}*" and
{IMn"(bpia)]»(u-O,u-OAc)} >t complexes (Figure 6b),678
in which the Mn ions bear a separation distance of
about 3.250 A. However, for these complexes the
coordination environment about the manganese cen-
ters is considerably more distorted than is seen in
the case of {[Mn(bispicen)].(«-O)(u-OAc)} 3" due to the
constraining nature of the tridentate capping ligands.
These distorted geometries can be observed with
other tridentate capping ligands as well; the most
widely recognized of these ligands include tacn, HB-
(p2)3, and TMIP. These ligands and their derivatives
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Figure 7. Mn'";(salampn)(«-OAc), Mn',(2-OHbenzimpn)-
(#-OAc), and [Mn,(3-MeO-salpentO)(u-OMe)(u-OAc)(MeOH),]-
Br complexes. Reprinted with permission from refs 83, 84,
and 94. Copyright 2002 The Royal Society of Chemistry,
copyright 1990 Elsevier, and copyright 1994 American
Chemical Society.

have yielded a multitude of complexes®-88 bearing
structural similarities to Mn catalase. Some typical
examples of these complexes®”82%° are [Mn'"'"Mn'"Y(u-
0)2(u-OAc)(tacn)(OAc),] (Figure 8a), [Mn"';(u-O)(u-
OAC)2(HB(pz)3).JCH3CN (Figure 8b), and Mn'"'[HB(3,5-
Prypz)s](3,5-'PrypzH)(172-02%7), with core topologies
that will be discussed later in this section.

More widely known are the triply bridged (u-O,-
bis-u-carboxylato)Mn, complexes. A multitude of
these types of structure cores can be found in the
literature. Typical Mn''-Mn" distances for these
cores are in the 3.15—3.18 A range. The difference
in Mn—Mn distance of the doubly bridged (u-O)mono-
u-carboxylato as opposed to the triply bridged («-O)-
bis-u-carboxylato cores is to be expected because of
more constrained bridge structures in the latter case.
The (u-O)bis-u-carboxylato core topology is particu-
larly interesting since metrical data have been ob-
tained for Mn,(u-OAc),(u-O), Mna(u-OAC)2(u-OH), and
Mnz(u-OAc),(u-OHy) structures. Each protonation of
the oxo bridge decreases its donor ability, and this
would favor longer bond lengths as well as stabilizing
lower oxidation states of the metal centers. These
observations are consistent with protonation of the
[Mn'"(salpn)].(u-O). as described above. Not only does
a decrease in oxidation state accompany each proto-
nation, but also the Mn—Mn separation in these
complexes increases from 3.1 to 3.4 to 3.6—3.8 A.

The bis-u-oxo,u-carboxylato structure types have
shortened Mn—Mn distances on the order of 2.64 A
as seen in the [Mn"(bpy)(H>0)]2(x-O)2(«-OAc) com-
plex.®* The carboxylate bridge induces a bend in the
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Figure 8. (a) [Mn""Mn'"V(u-O),(u-OAc)(tacn)(OAc),], (b)
Mn"l,(u-O)(OAC)2(HB(pz)3)2]CH3CN, and (c) [Mn"Mn"VY(u-
0)2(u-OAc)(tacn)(bipy)(MeOH)]?*. Reprinted with permis-
sion from refs 87, 90, and 93. Copyright 1987 and 1994
American Chemical Society, and copyright 1992 The Royal
Society of Chemistry.

Mn(u-O)Mn bridges, resulting in shorted Mn—Mn
distances for these Mn,(u-O),(u-OAc) cores. Reduced
derivatives such as [Mn'""Mn"(u-O),(u-O,CCHj3)-
(bpea),]>" , [Mn"'Mn"(u-0),(u-OAc)(tacn)(OAc),] (Fig-
ure 8a), and Mn'""Mn'V(u-O),(u-OAc)(tacn)(bipy)-
(MeOH)]?" (Figure 8c) possess similar structural
parameters.®>% While a comparison to Mn,(u-OH,u-
carboxylato) cores would be useful, no such complexes
have been isolated or structurally characterized.
There are known examples of Mn'"';(u-OR),(u1 3-OAC)
complexes which have a characteristic Mn—Mn sepa-
ration of about 2.9 A. This is seen for the Mn'"';(2-
OHsalpn)(MeOH),(u-OMe)(u1,3-OAc) complex as well
as for®* the [Mny(3-MeO-salpentO)(u-OMe)(u-OAc)-
(MeOH);]Br complex (Figure 7c).

A number of u-phenoxide-bridged dimanganese
complexes are structurally similar to their alkoxide-
bridged counterparts. However, in such cases it has
been shown that the donor ability of the phenolate
oxygen is dependent upon the relative orientation of
the aromatic phenyl ring with respect to the metal
centers. When the metals are oriented perpendicu-
larly to the aromatic plane, the phenolate oxygen is
a weaker donor and allows an increase in Mn—Mn
distance from about 3.26 to 3.42 A. Thus, structur-
ally, these types of ligands®¢ are of limited struc-
tural relevance.

In both small-molecule and protein complexes,
carboxylates may bind in a variety of manners. One
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Figure 9. Trinuclear manganese complexes Mnz(5-NO,-
salimH),(OAc), and Mn3(CH3CO,)s(bpy).. Reprinted with
permission from refs 98 and 100. Copyright 1993 The Royal
Society of Chemistry, and copyright 1991 American Chemi-
cal Society.

or both of the oxygens from a carboxylate group may
interact with one or two metal ions, generating
several different binding topologies: monodentate
terminal, bidentate asymmetric, bidentate symmet-
ric, monodentate bridging («1-O.CR), and bidentate
bridging (u13-O.CR). Evidence of all these binding
modes is found in multinuclear metal sites. Thus,
given the differences in preferred Mn—carboxylate
binding with oxidation state of the Mn ion, the
carboxylate shift first proposed by Lippard®” in 1991
may accompany the redox changes and the metal—
metal separation changes required for the Mn'!, <
Mn'""; redox cycling at the catalase active site.
There are several interesting models that exhibit
more than one mode of carboxylate binding to the
metal centers; most of these structures have “open”
coordination sites which are occupied by solvent
molecules. Structures that contain more than one
type of carboxylate binding topology commonly have
trinuclear manganese centers® 191 (Figure 9), such
as Mn3(5-NOgsalimH),(OAc)4, Mn3(CH3CO2)s(phen)s,,
Mﬂg(CHgCOz)e(BlPhMG)z, Mn3(CH3COZ)(bpy)2, and
Mn""Mn',(saladhp)2(OAc)s(MeOH),. In such struc-
tures, the Mn—Mn separation is typically about 3.6
A and may not be as relevant to catalases as similar
motifs found in dinuclear complexes. There exist
some dinuclear complexes which exhibit this poten-
tially critical characteristic. One of the complexes in
which this is most obvious is (Mn"tmeda),(u-OAc),-
(u-OH>)(OAC), (Figure 10a),%8 as well as the tacn
complex discussed previously (Figure 8a). In the
tmeda complex, the two carboxylates are seen to
adopt a syn—syn bidentate bridging mode in binding
to the Mn" centers. The other two acetate groups
both coordinate terminally in a syn-monodentate
fashion to each of the Mn ions in order to provide
stability to the rarely seen u-OH, bridge via hydrogen-
bonding interactions. The Mn—Mn separation here
is also 3.6 A and the Mn—O—Mn angle is 110°. This
distance is intermediate between those typically
found in tris-u-carboxylato dimanganese cores (4.0 A)
and those found in u-OH,bis-u-carboxylato cores (3.35
A). The [Mn";(u-H,0)(u-OAc),(Im)4(OAc),] complex
(Figure 10b), which has a similar benzimidazole
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v,
Figure 10. (Mn''tmeda),(OAC),(u13-OAC)(u-OH,) and
[Mn"5(u-H20) (11 3-OAC)2(Im)4(OAC),]. Reprinted with per-
mission from refs 88 and 102. Copyright 1992 American
Chemical Society, and copyright 1998 The Royal Society
of Chemistry.

counterpart,'? is structurally similar to the (Mn''-
tmeda),(OAC),(u-OAC)(u-OHy) structure but has a
longer Mn—Mn distance in the range of 3.7—3.8 A
and a Mn—O—Mn angle of 114°. There are additional
dimanganese complexes in which more than one type
of carboxylate binding mode has been proposed
(usually on the basis of activity studies); these
systems, however, have not been structurally char-
acterized. Furthermore, there are even more ex-
amples of carboxylate shifts in the chemistry of diiron
complexes which are structurally analogous to their
dimanganese counterparts.

3.4. Asymmetric Ligand Complexes

It has been suggested from crystallographic data
that the manganese catalases are structured in such
a way that only one binding site is accessible to the
incoming hydrogen peroxide substrate (one manga-
nese center is six-coordinate and the other is five-
coordinate). This has prompted a great deal of
interest within the bioinorganic community to pro-
duce models that are asymmetric, a challenging
proposition. Those seeking to make biomimetic mod-
els of manganese catalase have attempted the dif-
ficult syntheses of asymmetric ligands or their com-
plexation with two manganese ions—complexes
intended to emulate the single labile position at the
manganese catalase active site.

Using the heptadentate asymmetrical phenolate
ligand picphpy, three different dimanganese(ll) com-
plexes have been generated'® (Figure 11). The varia-
tion in this series of complexes is primarily in the
bridging (u13-OAc) or (u13-OBz) groups. All three
complexes are otherwise structurally similar. It is,
however, important to note that the crystal struc-
tures exhibit one open coordination site to which
either a water molecule or a methanol molecule binds
terminally. The Mn—Mn distances in these com-
plexes are on the order of 3.4—3.5 A, which is typical
for these phenolate-bridged complexes. And the Mn—
O—Mn angles, which range from 108 to 116°, also
are within the range expected from analogous com-
pounds reported in the literature.
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Figure 11. Dimanganese complexes of phenoxy-based
ligands. Reprinted with permission from ref 103. Copyright
2003 American Chemical Society.

[Mn,O(O,CCH,Cl),(H,0)(CH30H)(bpy).]>" complexes. Re-
printed with permission from ref 104. Copyright 1998
Elsevier.

Simple complexes that may be analogous to the
substrate-bound active site have been generated. Of
particular interest are anion-bound complexes since
the biological enzyme is inhibited by the presence of
anions, especially halides. For example, the com-
plexes [Mn20(OchZH5)2(H20)(Cr207)(bpy)2] and
[MnZO(OZCCHZCI)2(H20)(CH30H)(bpy)2]2+ mimic end-
on substrate and/or inhibitor coordination®* to only
one site on one manganese atom (Figure 12). These
complexes have been characterized in the oxidized
Mn"!, and superoxidized Mn"'"Mn'V forms and con-
tain a triply bridged u-O,bis-u-carboxylato core. These
complexes show a Mn—Mn separation of 3.1—3.2 A.
Another manganese(ll) complex uses a heptadentate
ligand!® and has shown that the one labile position
can be occupied by chloride or water; the crystal
structure, unlike the previous complex, was intended
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Figure 13. Asymmetric ligand design for a dimanganese
complex (inset). ORTEP of the mononuclear complex
obtained with this asymmetric ligand. Reprinted with
permission from ref 105. Copyright 1999 Elsevier.

to contain a Mn,(u-O), core structure but no carbox-
ylate bridges (Figure 13). Unfortunately, the target
complex was not found, but a heptadentate Mn
complex was generated which does indeed bind
chloride and water at the one open site. This mono-
nuclear complex is of little relevance to the catalase
active site but may have relevance to manganese
superoxide dismutase structure. It is conceivable,
however, that access to the intended Mn,O, species
may still be viable with this ligand.

4, Spectroscopic Models

Structural aspects of the manganese catalase active
sites have often been based on comparisons made
between the spectroscopic properties of the metallo-
protein and those of the synthetic model complexes.
Manganese centers in metalloproteins can be studied
using a variety of spectroscopic techniques, including
electron paramagnetic resonance (EPR, ENDOR, and
ESEEM), electronic (UV—vis), resonance Raman
(RR), and X-ray absorption spectroscopies and mag-
netic susceptibility. UV—vis spectroscopy has been
a particularly good technique for understanding the
electronic structure of Mn'"' and Mn'" complexes
which usually exhibit d—d and charge-transfer ab-
sorption bands in the visible region. Mn',, Mn'"Mn'",
and Mn'"Mn'V centers give characteristic EPR spec-
tra using continuous wave X-band excitation collected
with perpendicular detection methods. By examining
the impact of dipolar couplings, hyperfine coupling
can be related to the distance between manganese
centers. Even Mn'Y, complexes with weak magnetic
exchange coupling can be examined using a perpen-
dicular detection mode for EPR. More often, however,
non-Kramer ions are interrogated with parallel mode
EPR spectroscopy, which recently has given new
insight into enzymatic systems such as the by
OEC_lOG*lOB

Another important resonance approach®10 js
electron spin—echo envelope modification (ESEEM)
spectroscopy, which is capable of extracting hyperfine
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interaction parameters from systems when the con-
tinuous wave spectrum is too broad to analyze.
Electron nuclear double resonance (ENDOR) spec-
troscopy has been applied to evaluate the nuclear
guadrupole environment of coordinated ligands, which
provides evidence for substrate binding to enzymes
or small-molecule complexes.'19°112 Those familiar
with the chemistry of iron complexes will be disap-
pointed to learn that Mdossbauer spectroscopy is
unavailable in manganese chemistry. Hence, the
elegant interplay between EPR and Mdssbauer used
to deduce electronic structure of iron—sulfur clus-
ters'37116 cannot be applied to these systems.

Magnetic susceptibility measurements allow esti-
mation of magnetic exchange interactions that pro-
vide insight into the electronic structure of the cluster
and, in certain cases, can be used to test whether a
particular bridging motif is present. In this way, a
range of metal—metal separations may be estimated.
X-ray absorption spectroscopy may provide informa-
tion about oxidation states of the manganese ions
(XANES) as well as coordination environment (EX-
AFS). EXAFS is particularly useful when applied to
systems where an X-ray structure is unavailable, as
it provides metrical distances for metal—ligand bonds
and metal—metal separations with high precision.
Each of these methods gives limited nuclear or
electronic structural information. Therefore, struc-
tural proposals rely on a combination of these tech-
niques to provide a broader perspective on the
properties of the enzymes. Essential to the interpre-
tation of the data obtained on enzymes using these
techniques is a knowledge base accumulated by
collecting data on structurally well-characterized
synthetic complexes.

4.1. X-ray Absorption Spectroscopies

X-rays possess wavelengths that are comparable
to atomic dimensions and thus can be used to obtain
precise metrical and angular information about mol-
ecules. Most commonly, X-ray diffraction of single
crystalline samples provides a complete three-dimen-
sional map of the crystal structure. Unfortunately,
not all biological or chemical samples are amenable
to formation of single crystals suitable for a diffrac-
tion experiment. Therefore, XAS is an attractive
alternative technique for characterization of the
sample in question. As is often the case, moving from
one technique to another provides benefits and
limitations; the shift from X-ray diffraction to X-ray
spectroscopy is no exception.

The primary advantage of XAS is that it is not
limited to crystalline samples. Another advantage is
the ability of X-ray absorption near-edge structure
(XANES) to provide oxidation state information at
the same time that extended X-ray absorption fine
structure (EXAFS) spectroscopy provides metrical
information on the metal center. In contrast, X-ray
diffraction studies must assume that photoreduction
does not occur during the course of the experiment
and provides no oxidation state information about the
metal (except secondarily through the determination
of Jahn—Teller distortions or average metal—ligand
bond distances). In addition, EXAFS can extract
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metal—ligand distances at much higher precision
than most diffraction experiments on proteins. Thus,
it is often the case that EXAFS is used to define the
metal—ligand distances in a metalloprotein X-ray
structure. The major limitations of XAS are that it
cannot distinguish between scatterers such as oxygen
or nitrogen, it usually provides no angular informa-
tion regarding the ligands, and it provides average
environments over all elements of the same type.'!’
Thus, a mononuclear Mn enzyme such as the MnSOD
can be more straightforwardly interpreted than a
dinuclear manganese site in an enzyme such as the
Mn catalases. Another important issue with both
XANES and EXAFS is that these techniques must
be calibrated using well-defined compounds with
appropriate oxidation state and structure. This limi-
tation provides a necessity for the preparation of
relevant biomimetic model compounds.

The XANES region refers to the 40 eV range about
the edge, an absorption feature that occurs at the
absorption threshold of a core electron. The shape
and energy of the edge vary with metal ligation
environment and will show systematic changes in-
dicative of Mn oxidation state changes. The XANES
region is followed by the EXAFS region of multiple
decaying oscillations which extends about 1000 eV
beyond the edge. The pre-edge region, occurring just
before the absorption edge, often contains weakly
bound transitions which can be fit in order to
extrapolate geometric information about the metal
environment. XANES is sensitive to all of the Mn in
the sample, regardless of oxidation or spin state. This
approach has proven very useful in assigning oxida-
tion states in different Mn catalase derivatives. Mn"
complexes are at the lowest energy in the XANES
spectra and have the most intense main peak; as the
metal ion is oxidized, the peak intensity drops, its
position shifts upward in energy, and the absorption
feature broadens.

In all XAS experiments, care must be taken when
fitting the data acquired; to obtain reliable fits from
which to extract useful information, careful selection
of the type and number of variable parameters and
their constraints is a necessity. There are two pri-
mary methods for XANES fitting to determine edge
energy: either by fitting the entire edge, or by
defining the edge energy as the second inflection
point. While these different fitting methods usually
yield different absolute edge energy values, they
usually provide the same oxidation state conclusions
provided that the fitting procedure remains the same
for all the data (from the model complex library as
well as the experimental). There are, however, cases
where different fitting procedures and parameters
have yielded different oxidation state conclusions.

The Mny(2-OH(X-sal)pn). series of complexes il-
lustrates typical XANES spectra for a variety of
oxidation state formulations (Figure 14, top) and
provides a convenient method by which to determine
the edge energies of these oxidation states. This
library has been extended to include Kitajima's HB-
(pz)s complexes as well. Kitajima’s complexes, which
vary by oxidation state as well as by bridging species,
yield XANES spectra that fall within the same energy
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Figure 14. XANES spectra of 2-OHsalpn complexes as
compared to Mn catalase. Reprinted with permission from
refs 119 and 120.

range as the 2-OHsalpn set. Thus, edge shape and
energy are independent of bridging ligation to a first
approximation.’'® Model complexes have indicated
that the shift in edge energy is linear for lower
oxidation states. Higher oxidation state changes,
however, show smaller shifts in edge energy and are
more difficult to fit.

Placement of the edge energies has been used to
assign the various oxidation states that are exhibited
by the catalases. For the catalases, the edge energies
(when fit to the first inflection point) are in the range
from about 6548 (Mn'',) to about 6551 eV (Mn''"Mn'V);
a comparison to model complexes shows that the
Mn'V, oxidation state is even higher in energy, at
approximately 6553 eV. The two sets of data collected
for the various oxidation states from both model
complexes and enzymes are in good agreement. It is
just such a comparison to the library of synthetic
model complexes that has identified® the active
oxidized catalase as Mn'"',. XANES analysis on the
catalase enzymes?’ has confirmed the active forms
of Mn catalase to be Mn''; and Mn'"",. It should be
noted that, for the biological system, sample homo-
geneity of mixed oxidation states (especially the Mn''-
Mn'"" catalase) is difficult to obtain. There are,
however, ways to estimate sample composition from
the XANES spectra obtained: the XANES data of the
Mn catalases (Figure 14, bottom) also show distinct
edge energies that are consistent with those found
for model complexes.11?120 Despite evidence of pho-
toreduction in the spectra for the oxidized (Mn'";)
catalase sample, the rate of photoreduction can be
determined and adjusted for in the fitting of the data.

It should be noted that, while oxidation state
assignments are quite easily made for mononuclear
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Figure 15. XANES of Mnz; complexes with mixed 11/I1V/11
and HHI/1I/111 oxidation states. Reprinted with permission
from ref 121. Copyright 2003 American Chemical Society.

complexes, complexes with multiple metal centers are
more challenging because the edge shift for the single
oxidation of a dinuclear system is half of what is seen
for a single oxidation of a monomer (for a trinuclear
system, one-third of the monomer shift and so forth).
Despite this added complexity, careful analysis of
XANES spectra can positively identify mixed-valence
states for complexes with up to three Mn centers. As
proof of the utility of XANES in assigning oxidation
state, it has been shown!?! that Mn'",Mn'Y and Mn''-
Mn!'l;, complexes exhibit noticeably different XANES
edges (Figure 15). In most of these complexes, the
Mn ions are valence trapped and distinguishable;
thus, this technique could be applied for identifying
Mn'""Mn'Y vs Mn"!; or even Mn''sMn'v vs Mn'',Mn'",.
Investigation into the latter case is currently under-
way.

Model complexes have yielded a wealth of informa-
tion via XANES spectroscopy that has enhanced our
understanding of the catalytic cycle of Mn catalases.
EXAFS can aid in determination of compound struc-
ture; fitting of spectral data has been derived from
the vast library of dimanganese model complexes
that have been structurally characterized by X-ray
crystallography. The ability of EXAFS to detect
metal—metal interactions may be particularly useful
for determining whether complexes remain intact in
solution. There are cases, however, in which crystals
cannot be readily obtained. In these types of cases,
Mn—Mn distances can be determined from the EX-
AFS data. These are often indicative of the types of
bridging atoms between the metal centers. Proper
fitting of EXAFS data allows deduction of the types
of donor atoms in the first coordination sphere of the
metal ions.

One may be tempted to view model compounds
solely as a calibrant for XAS studies on biological
systems; there are cases, however, where XANES and
EXAFS investigations of model compound structure
are essential. As an example, the reaction of tert-
butyl hydroperoxide with [Mn"!(2-OHsalpn)]. leads
to vigorous evolution of dioxygen and an oxidized
metal complex.'??> Elemental analysis, UV—vis, and
EPR spectroscopies supported a formulation of { Mn''-
Mn'V[(2-OHsalpn)],OH} with a coordinated hydroxide
ion, but single crystals of the compound could not be
obtained to confirm this assignment. Crystallography
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of related compounds { Mn"'"Mn'V(2-OHsalpn),} , { Mn'-
nMn'v(2-OH(3,5-Cl,sal)pn),MeOH}*, and {Mn''"M-
n'v(2-OH(3,5-Clzsal)pn), THF} * revealed that the pres-
ence of a coordinated exogenous ligand led to a
structural rearrangement of the compound.60:123-125
The fully symmetric form had a Mn—Mn distance of
~3.34 A while the asymmetric structure, with bound
THF or methanol, contained a Mn—Mn distance on
the order of 3.7 A. EXAFS data on these dinuclear
systems matched the crystallographically determined
distances extremely well. XANES was used to con-
firm the oxidation state of { Mn"'"Mn'V(2-OHsalpn),-
OH}, and EXAFS was used to provide supportive
evidence,* based on the long Mn—Mn distance, that
the isolated compound was the asymmetric derivative
with a coordinated hydroxide. This assignment was
crucial for deducing the mechanism of this reaction
which was a metal-initiated, radical chain reaction
that was propagated by tert-butoxy radical. Cur-
rently, EXAFS and stopped-flow XANES are being
used to assess the production of Mn'VMn'V dimers vs
Mn'YMnV species. This characterization of models is
again an essential contribution to reactive model
chemistry.

4.2. Magnetic Studies

In all biological settings, Mn'" is a high-spin ion
which, in an octahedral ligand field, gives a 6A;
ground state. The d® Mn'V ion also has an orbitally
singlet ground state (*A) in an octahedral field. Thus,
no significant spin—orbit coupling may occur from
these ground states (e.g., the axial zero-field-splitting
component, |D|, is typically <0.5 cm™1). In contrast,
Mn"! is always a high-spin d* ion, which forms an
orbitally doublet °E ground state in an octahedral
field. As mentioned above, such systems are subject
to Jahn—Teller distortions. Furthermore, 5E states
possess substantial spin—orbit couplings that lead to
significantly enhanced zero-field splitting; ZFS values
of |ID|= 8 cm™! have been reported. In general, g
values for manganese ions are only slightly lower
than 2 (typically 1.97 < gis, < 1.99). Thus, in most
cases, mononuclear manganese compounds deviate
only slightly from the predicted spin-only values.

An understanding of the magnetic properties in
systems containing more than one Mn center be-
comes more involved. Most studies of magnetic
exchange interactions for simple dinuclear systems
have used a straightforward Heisenberg spin Hamil-
tonian, H = —2JS;-S,. This approach works reason-
ably well for systems containing only Mn' or Mn'"V;
however, adding a term to account for zero-field
splitting better treats dinuclear systems that include
Mn"'. The vast majority of dinuclear manganese
compounds are antiferromagnetically coupled (i.e., J
< 0). The general trend applies that coupling in-
creases on going from low to high oxidation states
because dinuclear Mn'"! complexes (Mn''',, Mn!"Mn'",
Mn"'"Mn'Y) are usually strongly coupled, with J > D.
In this limit, D is considered a perturbation of the
spin-only energy levels, and the spin-only approach
can be used to reasonably calculate J. On the other
hand, in systems with extremely weak coupling (J
< D), magnetism is dominated by D because J may
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Table 2. Comparison of Magnetic Data for Mn, Complexes
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compound J(cm™) ID| (cm™%) ref
[Mn(u-O)(u-OAc)(TMIP),]2* <-0.2 nra 188
[MnO(0OAC)s(HB(pz)s)2]-(CHsCN)x -0.2-0.7 >0.33 87
Mn'"L,O(TMIMA),(OAC) ]2+ 1.33 0.40 85
[Mn'V,0,(tmpa)2]*+ —-137 nr 189
[Mn",0, (phen)4]** —144 nr 190
Mn;(u-MeOH)(u-OAc)(3-MeO-salpentO)(MeOH),]Br —-13.7 nr 94
[Mn(u-OAc).picphpy(OH,)]>* —4.3 nr 103
Mn'l, (OH,)(OAC)s(tmeda), —2.95 0.06 88, 191
[Mn",0(5-NOjsaldien),] —120 nr 58
[Mn"! (tol)(bbml)],2* -119 nr ’8
[Mn(OAc)(bbml)],2+ —0.18 nr 77
[Mn'Vz(/z-O)w-Och3)(NH3)6]3+ —129 nr 192
[MN",(u-O)(NH3)g]** —274 nr 192
Mn;(u-Cl),(bpea).Cl, -0.34 nr 164
[Mn”z(u-02CCH3)3(bpea)2]+ -1.3 nr 92
[Mn"; (u-O), (u-OAc)(bpea),]3* —124 nr 193
MnlIIgo(/l-OzCPh)g(OH)(bpy)z(NO3) 1.0 4.5 194
[Mn"'(u-0)(u-0>CPh),( N3)2(bpy)-] 8.8 0.3 195
[Mn“'g(u-O)g(,u-OAc)Clg(bpy)g] —4.1 0.07 195
[Mn”'g(u-O)z(ﬂ-OAc)(H20)2(bpy)2]2+ —-3.4 nr 195
[Mn"V5(u-0)2(u-OAc)CI(H,0)(bpy).]?* —-39.3 nr 196
[MNn"V5(u-0)2(u-OAc)(H20)2(bpy)2]** —43.7 nr 91
[MNn"5(u-0)2(u-OAc)(H20)2(bpy)2]3* —67 nr 197
[Mn";(u-OH)(u-OAc) (Mestacn),] -9 nr 130
[Mn'",(u-O)(u-OAc)2(Mestacn),]?™ 9 3 130, 198
[MN"'Mn!Y (u-O)(u-OAc)2(Mestacn),]3* —40 nr 130
[MNn""Mn" (u-0),(u-OAc)]?+ —220 nr 130
[Mn"V,(u-0)3(Mestacn),]?+ -390 nr 130
[Mn",0,(bispicMe,en),]?* —100 nr 62
[Mn'""Mn"VO,(bispicen),]** —140 nr 63
[MN'VYMnN!'VO,(bispicen),](Cl04)4:2CH3CN —125.6 nr 63
[Mn“'z(u-O)g(bispicMezen)z](CIO4)2-HzO —86.4 nr 199
[Mn'";(u-O)(u-OAc)(bispicen),](ClO4)s 19.5 4.21 82
[NaMnz(2-OH-salpn)2(OACc)4](C2HsO2)-2H,0 0 6.31 124
[Mn3(2-OH-salpn), THF] —55 nr 125
[Mn"(2-OH(5-NOz-sal)pn)].2~ 0.52 nr 123
(TEA)[MNn'"Mn'""(2-OH(5-Cl-sal)pn)_] 3.23 nr 123
[Mn'"Mn'V(2-OH(3,5-Cl,-sal)pn),]* -2 nr 123
[Mn",(2-OH(5-Cl-sal)pn)>(MeOH)] —3.55 nr 124
[Mn'""Mn'V(2-OH(3,5-Cl,-sal)pn)(THF)]*" -10 nr 60
Mn''; catalase (L. plantarum) —5.2 nd 47
Mn''; catalase (L. plantarum, F~) -1.3 0.094 47
Mn'"'; catalase (T. thermophilus, low pH) -1.8 4.8/4.3 48
Mn'"'; catalase (T. thermophilus, high pH) —100 nd 48

@ nr = not reported (or not accounted for in the spin Hamiltonian).

be considered only a perturbation in the D-splitting
levels. When J and D are on the same order of
magnitude, treatment of temperature-dependent sus-
ceptibility is complicated by spin—orbit coupling
contributions (L-S). Assuming the same bridging
motif, |J| increases on going from Mn'!; to Mn'"Mn'!!
to Mn"'; to Mn'""Mn'Y to Mn'V,. Specific examples of
the exchange couplings of dinuclear manganese
compounds are given below and in Table 2, with
exceptions to this trend noted as appropriate.

Mn'l, systems are weakly coupled (J < 10 cm™),
and the ubiquitously observed room-temperature
paramagnetism for these compounds is a result of the
population of higher spin states according to the
Boltzmann distribution. All known Mn'"', compounds
are antiferromagnetically coupled with a diamagnetic
ground state; the magnetic moment approaches zero
as temperature decreases. Dinuclear Mn'', species
are known with the following bridging types: (bis-
u1s-carboxylato), (u-O,bis-u; s-carboxylato),, (bis-u-

alkoxo), (u-alkoxo,u 1 3-carboxylato), (u-alkoxo,bis-u; 3-
carboxylato), (bis-u-hydroxo), and (u-aquo,u; s-carbox-
ylato). Given the wide range of bridging motifs—from
single to multiple bridges, from water to phenolate—
the exchange coupling is remarkably insensitive to
structural changes. The Mn'!, form of the Mn cata-
lases is best structurally modeled by (Mn''tmeda),-
(u1,3-OAC)2(u-OH3)(OAC),, and yet the exchange cou-
pling for this compound is scarcely different from
those of other dinuclear Mn compounds with inap-
propriate bridging motifs (e.g., [Mn"SALPS],).1?¢ This
example illustrates that magnetic exchange coupling
is not an appropriate technique to deduce bridging
structures for biological Mn'', systems.

A Mn"Mn'" form of the T. thermophilus Mn cata-
lase has been reported. Unfortunately, detailed mag-
netic studies on this enzyme form have not been
completed. However, an EPR spectrum of this mixed-
valence form is known and is most consistent with
an antiferromagnetically exchanged system. Exami-
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nation of Table 2 illustrates that most Mn''"Mn'"!
complexes are antiferromagnetically coupled, with J
values greater than those observed for the Mn'l,
counterparts. Once again, a wide range of bridging
atom types and numbers provide similar exchange
parameters. Notably different are compounds such
as [Mn""Mn'"'(2-OH-(sal)pn).]~, which exhibits ferro-
magnetic exchange.'?® This is unusual for Mn dimer
complexes, and similar Mn"Mn'"" dimers!?” do not
always show ferromagnetic exchange.

Many different Mn"', dimer complexes have been
synthesized with a variety of bridging types and then
used to emulate the magnetic behavior seen in the
active oxidized manganese catalase. Unfortunately,
the system is quite complicated—the catalase has
been shown to exist in two forms (one is weakly
antiferromagnetically coupled, with J ~ —1.7 cm™,
and the other is strongly coupled, with J ~ —100
cm™1),%8 and the magnetic data are complicated by
structural distortions (Mn'" is particularly suscep-
tible to Jahn—Teller distortions). In general, ferro-
magnetic behavior of the dinuclear complexes (S =
4 ground state) is related to the degree of compression
of the Mn'""! coordination sphere and antiferromag-
netism (S = 0 ground state) to the elongation. Thus,
Mn', complexes show either ferromagnetic or anti-
ferromagnetic behavior, with J values that commonly
fall between ~ —100 and 50 cm~*. The antiferromag-
netically coupled complexes have particularly large
|J| values, and most of the contributions to J arise
from superexchange (the delocalization between the
Mn'"" centers of excess spin electron density). These
complexes are therefore particularly sensitive to
bridging type.

The sensitivity to bridging type is evident in the
case of the [Mn"";(u-O)(u-OAc),(Mestacn),]>" and the
[Mn'""',O(5-NOjsaldien),] complexes.>® The Mestacn
complex has a Mn—O—Mn angle of 121° and is
weakly ferromagnetically exchange coupled (J = 18
cm™1). As the Mn—0O—Mn angle is increased to 168°,
the more linear geometry lowers ferromagnetic con-
tributions to the coupling, and subsequently strong
(J = —120 cm™!) antiferromagnetic exchange coupling
is evident. For the linear oxo-bridged case, the
increase in exchange coupling has been attributed to
better overlap between the px and p, orbitals of the
oxo bridge with the Mn d,2 and dy, orbitals, which
allows for better superexchange along the Mn(dy,)—
O—Mn(dy,) pathway as well as along the Mn(dy,)—
O—Mn(dy,) path. It is possible that, for smaller Mn—
O—Mn bond angles, accidental orthogonality of the
magnetic orbitals might also lead to an increase in
the magnitude of |J|. This balance between antifer-
romagnetic and ferromagnetic contributions is typical
of Mn"!;, complexes, hence the broad range of possible
J-values, and is seen in magnetic studies of the
enzyme as well.

The orientation of the Jahn—Teller axis also influ-
ences the magnitude of |J| and the type of exchange
coupling that is seen in complexes. Six-coordinate
Mn'"" complexes are subject to Jahn—Teller distor-
tions resulting from the energy lowering that occurs
when degeneracy of the partially filled ey orbitals is
broken. Usually, elongation makes the bonds along
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Figure 16. Jahn—Teller axes (indicated by the dark
arrow) adopt various orientations with the nonbridging
DCBI ligand. Reprinted with permission from ref 128.
Copyright 2003 Society of Biological Inorganic Chemistry.

the Jahn—Teller axis 0.2—0.3 A longer than the
bonds equatorial to the axis, and the weakest donors
are positioned on the axis. This affects not only the
structural properties of the complex but also the
magnetic properties. For high-spin Mn"" ions, the
distortion results in a half-filled d,2 magnetic orbital
and an unfilled d,2-y2 orbital that is nonmagnetic.
Therefore, the orbital that forms o bonds with strong
equatorial ligands would not usually be magnetic.
Within the group of Mny(DCBI); complexes, how-
ever,'?8 the Jahn—Teller axis assumes various ori-
entations with respect to the nonbridging DCBI
ligand (Figure 16), deviating from the usual place-
ment of weaker donors along the axis according to
oxidation state of the bound Mn. The orientations of
the d,2 and d,2—,2 orbitals are therefore realigned and
may be able to introduce new magnetic exchange
pathways. Thus, the rotating Jahn—Teller axis in
this system can influence both magnitude and type
of exchange coupling. These types of perturbations
are not limited to the monomeric case. The 2-OHsalpn
ligand complexes provide a good example of these
perturbations in dimers.

The set of Mny(2-OH(X-sal)pn), dimers is interest-
ing on two accounts. First, this series of complexes
has been characterized in a variety of oxidation
states'?® spanning the range Mn'", to Mn"'Mn',
Second, these complexes are speciated into symmetric
and antisymmetric complexes. Therefore, with very
little variation in Mn—Mn separation among the
complexes in this series,’”® the 2-OHsalpn models
provide an opportunity to study magnetic character-
istics of alkoxo-bridged complexes in multiple oxida-
tion states. The [Mn'(2-OH(5-NO;-sal)pn], dimer has
Jahn—Teller symmetric elongation axes through the
bridging alkoxo atoms of the ligand. This may be
compared to the Jahn—Teller-distorted Mn—alkoxide
bond in [Mn"',(2-OH(5-Clsal)pn),(MeOH)] asymmet-
ric complex. In the latter case, lack of a second
bridging ligand allows the Mn—O—Mn angle to
increase to 128.9° (as compared to 99.1° for the
symmetric dimer). Despite shortened Mn—Mn dis-
tances and addition of a second alkoxo bridge in the
symmetric dimer, the asymmetric dimer is actually
slightly more strongly coupled (J = —3.55 cm™! vs
the symmetric J = —5 cm™%). Here, the oxo bridge is
so far from linear that orthogonal overlap of magnetic
orbitals is likely occurring; this trend continues for
all asymmetric vs symmetric dimers in the 2-OH(X-
sal)pn series of complexes.’?® Similar magneto-
structural correlations have been studied for bridging
asymmetrical (u-phenolato,bis-u-carboxylato) com-
plexes where the Jahn—Teller axis is oriented along
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the MN—Opnenoxo axis; therefore, primary influences
on exchange coupling depend primarily on Mn—0
bond distance. Smaller values of —J are associated
with shorter Mn"'"—Opnenoxo distances which moves
the d,2 orbital to higher energy and effectively reduces
the crossed interactions with the d,, dy,, and dy, of
the second Mn center.’®® Thus, a combination of
Jahn—Teller orientation, orbital overlap, bridge angle
and species, and Mn—Mn distance contributes to the
net exchange interaction in these dimeric systems.

Probably the most thoroughly studied dinuclear
manganese systems are the high-valent species con-
taining Mn'V. We will discuss both Mn"'Mn'V and
Mn'V, complexes; the only compounds relevant to the
Mn catalases, however, are the mixed-valent ones,
and these compounds are only of interest for defining
the superoxidized, catalytically inactive form of these
enzymes. The primary interest in Mn'Y compounds
relates to water oxidation chemistry that has been
known for over 20 years to contain a mixed-valent
cluster composed of Mn'"' and Mn'V. Readers inter-
ested in this chemistry are referred to a review by
Armstrong et al.?30

As described in the structural section of this article,
the types of bridging motifs that support dinuclear
Mn'Y compounds are more limited than for lower
valent complexes. These bridges are limited primarily
to oxo, hydroxo, or alkoxide cores. Occasionally car-
boxylate groups are also present, especially in the
case of the Mn"'"Mn'V structure types. In nearly every
case, these systems are strongly antiferromagneti-
cally coupled. Typical J values are on the order of
—100 cm™1; however, the range can be from as little
as —10 to well over 200 cm™1. Several general trends
have emerged from these studies. Typically there is
larger exchange coupling as the metal—metal separa-
tion decreases; however, there is no direct trend that
describes this behavior.'?® Wieghardt has shown in
a fascinating tri-u,-oxo structure!®® that extremely
large |J| values can be obtained (~780 cm™!) with
compounds with very short Mn—Mn separations of
2.29 A. The origin of the strong exchange coupling
in this Mn'"; (4-O)3(Mestacn) system is not a result
of direct Mn—Mn bonding as the extremely short
Mn—Mn separation might suggest; rather it appears
to be a consequence of short Mn—O distances and
good angular overlap between Mn and oxygen atoms
for superexchange pathways. The vast majority of di-
uz2-0xo complexes, whether Mn''"Mn'Y or Mn'Y,, have
|J| values in the range of 75—140 cm™1. Law et al.
have shown that the best trend for describing the
magnitude of exchange coupling in these antiferro-
magnetic systems'? is found by examining the Mn—
O—Mn angle and that Mn—0O distances are a smaller
contributor to the magnetic exchange.

Invariably, hydroxo- or alkoxo-bridged systems
have significantly reduced superexchange as com-
pared to oxo-bridged species. Baldwin et al. demon-
strated that protonation or alkylation of oxo-bridged
species led to an ~0.1 A increase in Mn—Mn separa-
tion per protonation;*3! however, the magnetic ex-
change coupling dropped precipitously starting at
—92 cm™! for the di-ux-oxo dimer, [Mn'"(up-O)(s-
alpn)],, moving to —48 cm™* for the monoprotonated
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species and —6 cm™! for the doubly protonated
complex.” Similar behavior is seen for compounds
prepared solely using bridging alkoxides. In fact, the
first very weakly exchange-coupled Mn'""Mn'V and
Mn'Y, di-(u.-OR) dimers that were prepared, [Mn'"'-
Mn'V(2-OH—(sal)pn),]" and [Mn'Y(2-OH—(sal)pn).]*",
had J values on the order of —10 cm~* and exhibited
unique EPR signals. In these cases, the Mn—Mn
separation is considerably larger than in the di-(u.-
0) complexes. Ferromagnetic exchange between Mn'!-
Mn'Y or Mn'V, compounds is extremely rare.

Mn'"V, dimers are known and typically exhibit fairly
strong antiferromagnetic coupling; there is an ex-
ample, however, of ferromagnetic coupling between
Mn'V centers.13%132 The tetramer [Mn'V,Og(tacn),]**
possesses Mn—Mn separation distances of about 3.22
A between the four Mn centers. These four centers
occupy the corners of an idealized tetrahedron with
bridging oxo groups oriented so that the [Mn;Og]*"
core emulates an adamantane-like structure. The
facially binding tacn ligand completes the distorted
octahedral environment about each Mn'V. This com-
plex has been shown to have weak ferromagnetic
coupling, which is extremely rare. It should be noted
that, while these complexes provide insight into the
magnetic behavior of dinuclear Mn'V systems, this
oxidation state formulation is not relevant to the
manganese catalases. (Tetranuclear Mn systems
such as this have more in common with the water-
splitting PS 1l enzyme).

Given the trend that replacing oxo bridges with
alkoxides dramatically decreases antiferromagnetic
exchange, one might deduce that, at the proper
bridging angles, ferromagnetic exchange might pre-
vail. Such a case has been reported*s® for Ba,[Mn'",-
(6-p-ManfH_s),], which has a reported J = +19 cm™2.
Unfortunately, there is little experimental detail
given on this compound, and we do not know its
magnetization behavior or whether it is EPR active.
A much better defined example of a ferromagnetic
Mn"'"Mn' occurs with [Mn"'"Mn!Vsalpny(DCBI)]. This
compound has an imidazolate bridging the two Mn
ions. Other imidazolate species in this series ([Mn'"">-
salpny(HDCBI)], [Mn';salpny(DCBI] -, and [Mn'Y,-
salpn,y(DCBI)]") exhibited weak antiferromagnetic
exchange interactions;*341%5 this Mn'""Mn'Y' com-
pound, however, had J = +2 cm~!. Magnetization
curves confirmed the S = 7/, ground state, and EPR
spectra exhibited the first excited-state multiline
feature from a Mn''"Mn'v dimer. It should be noted
that this compound has no direct structural or
magnetic relevance to the Mn catalases; however,
such bridging imidazolate motifs are known in met-
alloenzymes, with the CuZn superoxide dismutase
being a prime example.

Solomon and co-workers have reported on the
magnetic circular dichroism (MCD) of the superoxi-
dized Mn"'"Mn' form of the manganese catalase from
L. plantarum.®344 Evidence obtained from these
experiments suggests a weakly coupled site which
was attributed to five-coordinate manganese centers
that were u-hydroxo- and u-carboxylato-bridged. These
findings were disputed by Whittaker and co-work-
ers,® who proposed a strongly coupled active site that
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was six-coordinate with u-oxo/u-hydroxo and u-car-
boxylato bridges; the weakly coupled species was
suggested to occur due to oxidative damage. Latour
and co-workers re-examined the previous data and,
on the basis of their magnetic susceptibility data,
concluded that both strongly and weakly coupled
species exist in the manganese catalase*®®! and are
highly dependent on pH. In fact, titration of the
catalase sample in the pH range between 6.8 and 8
shows interconversion of the two forms, the magni-
tude of pH variation being the determinant for the
percentages of strongly and weakly coupled forms
present in the sample. Addition or removal of anion
inhibitors*” such as ClI- and F~ may also result in
stronger or weaker coupling.

One explanation for the pH dependence of the
enzyme is that protonation/deprotonation of the
bridging species plays a critical role in magnetic
behavior in addition to exchange behavior exhibited
by the different bridging types; for example, proto-
nation of the bridges as discussed previously with the
2-OHsalpn complexes results in decreasing |J|. In
addition, the different bridging species themselves
may affect the type and magnitude of exchange
coupling in these complexes. This can be seen upon
examination of the bridging species included in Table
2; in general, the presence of oxo bridges increases
the magnitude of |J|. This is clearly seen with the
tacn and Mestacn series of complexes. Thus, it is
important to examine models that exhibit both strong
and weak exchange coupling as well as to address
how anion inhibitors can affect coupling parameters.

4.3. Absorption Spectroscopy

Significant features in the UV—visible and MCD
spectra are present only in the oxidized Mn'"';, and
superoxidized Mn"'"Mn'V forms of the enzyme. The
lower valent enzyme forms contain Mn'"', which has
both spin- and symmetry-forbidden electronic transi-
tions; therefore, the electronic spectra of these en-
zymes and complexes lack visible absorption bands.
Neither are there significant charge-transfer bands
observed for Mn'"''; or Mn'""Mn"! enzymes. The most
intense bands in the visible spectroscopy of manga-
nese complexes are d—d transitions and charge-
transfer bands. The charge-transfer excitations
(ligand-to-metal) are relatively insensitive to minor
structural changes, so the visible spectra of poly-
nuclear and mononuclear complexes with the same
ligands are very similar. The enzymes, however,
show low-energy absorption bands (5000—10 000
cm™1) which are not usually seen in the model
complexes. These transitions have been assigned to
chromophores that are five-coordinate in a trigonal
bipyramidal geometry. X-ray crystallographic analy-
ses of the MnCat enzymes also suggest the possibility
of a five-coordinate site and are in accord with these
findings. Features in the absorption spectra of T.
thermophilus catalase also include an intense ab-
sorption band at 450 nm with a shoulder at 500 nm;
in the L. plantarum enzyme, the peak is shifted to
470 nm but retains the 500 nm shoulder and shows
an additional shoulder at 398 nm.%® Anion binding
affects these features significantly (Figure 17).4
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Figure 17. Room-temperature absorption spectrum for
LPC and azide-bound LPC as compared to a sample model
complex. Reprinted with permission from ref 44. Copyright
1994 American Chemical Society.
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Figure 18. Absorption spectrum for the [Mn'"';(bpia),(u-

O)(u-OAC)](ClO,4); complex. Reprinted with permission from
ref 67. Copyright 2002 American Chemical Society.

The oxo,carboxylato core is accepted as an impor-
tant feature for the catalases as well as for other
dinuclear manganese and iron enzymes. This core is
proposed on the basis of comparisons of the electronic
spectrum obtained for the L. plantarum enzyme to
those of [Mn'"',0(u-0,CCH3)(HB(pz)s).] and similar
complexes.88 The [Mn'";0(u-O,CCHz3)2(HB(pz)s)2]
complex shows a band at 486 nm with two shoulders
located at 385 and 503 nm; another band shows up
at 760 nm. These features bear remarkable similari-
ties to features seen in the oxidized catalase enzymes
(with respect to location of the visible transitions as
well as extinction coefficients). The tacn complex
[Mn™,(u-0)(u-OAc) tacn,]?" is another example that
supports an oxo,carboxylato core, showing two visible
absorptions at 486 and 521 nm. These absorptions
have extinction coefficients ¢ = 337 and 323 M
cm™, respectively. Other complexes also show similar
absorption features that are in good agreement with
the spectrum reported for the Mn'"'; form of T.
thermophilus enzyme (which has a band at 492 nm
and a broad tail that trails into the near-IR). These
include [Mn'";(bpia),(u-O)(u-OAc)](ClO,4)3*CH3CN,
which shows d—d transitions (Figure 18) at 495 (524
L-mol~t-cm™1) and 527 nm (418 L-mol~t-cm™1) as well
as a broad absorption feature at 711 nm (176
L-mol~*-cm™1),57 and other u-O,u-OAc complexes such
as [Mn"">;(TMIMA),(u-0)(u-OAc)](ClO4)3:2CH3CN and
[Mn!";(bispicen),(u-0)(u-OAC)](CIO,)s.

The Mn'";(u-oxo)(u-carboxylato), formulation is not
the only core that might produce such spectral
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Figure 19. Comparison of the MCD spectra of oxidized
MnCat and model complex. Reprinted with permission
from ref 43. Copyright 1998 American Chemical Society.

absorption features, however. The electronic spectra
obtained from the catalases are also a good match to
complexes with Mn'"'"Mn'V(u-oxo)(u-carboxylato), cores.
For example, [(Mestacn)Mn'(u-O),(u-OAc)Mn'''(O-
Ac);] also exhibits similar features. Therefore, these
early model complexes effectively showed that the
absorption bands seen in the enzyme were indicative
of complexes with Mn'';(u-0xo0)(u-carboxylato), or
Mn""Mn" (u-oxo).(u-carboxylato) cores. Thus, a mul-
titude of complexes with oxo/hydroxo/aqua-bis-car-
boxylato,bis-oxo/hydroxo/aqua-monocarboxylato cores
have been studied; some of these have been discussed
in a previous section. Other spectroscopies (such as
MCD) and subsequent crystallographic analyses have
supported the primary bridging motifs suggested by
these model complexes.

MCD spectroscopy has also been utilized to eluci-
date electronic as well as magnetic properties of the
inorganic complexes. MCD may provide information
on both excited and ground states. Room-temperature
studies give excited state information and, because
the selection rules for MCD and absorption spec-
troscopies are distinctly different, provide a comple-
mentary approach for evaluating UV—vis data. Vari-
able-temperature MCD studies can be utilized for
elucidating band assignments (assigning electronic
transitions). In addition, MCD is particularly ame-
nable to identifying electronic transitions from para-
magnetic centers and for estimating g-values, spin
state, zero-field-splitting parameters, and magnetic
coupling constants. Therefore, use of MCD spectros-
copy can enhance the information obtained from EPR
experiments.

A comparison of the MCD spectra from oxidized
MnCat*® against those obtained for (u-O,di-u-car-
boxylato)-bridged model complexes and MnSOD (Fig-
ure 19) suggests that the OxMnCat bears structural
similarities to the five-coordinate trigonal bipyrami-
dal active site of the MnSOD. Studies of model
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complexes have provided insight into the low-energy
absorption bands which can provide coordination
number information. The bands that appear between
5000 and 10 000 cm™* are usually indicative of Mn'!
in a six-coordinate geometry; the oxidized manganese
catalase MCD spectra lack these absorption features
and therefore may be formulated as two five-
coordinate centers. Also of significance is the high
intensity of the absorption band at 21 000 cm™ in
the MnCat spectra which is not indicative of an oxo
bridge and is usually seen in five-coordinate Mn'"!
complexes. The striking dissimilarities in the spectra
of the model complexes (bands at 10 000 and 13 000
cm~t in the complexes compared to 14 500 cm™! in
OxMnCat) are due to the bridging O species. Thus,
from MCD data alone, the active site of MnCat
consists of two five-coordinate Mn'" ions bridged by
two carboxylates and a weaker oxo bridge (such as
hydroxide or water).

Closer examination of MCD saturation magnetiza-
tion curves for the oxidized enzyme would suggest
that the two Mn'"" ions in the active site are ferro-
magnetically or weakly antiferromagnetically coupled.
Analysis of model complexes with various bridging
core structures has allowed exclusion of di-4-O and
di-u-alkoxo cores which have J values of about —90
and —20 cm™%, respectively. From these data, formu-
lation of the catalase active site was proposed to be
a di-u-O,u-carboxylato core. This formulation is fur-
ther supported by recent high-resolution crystal
structures®! that would suggest two oxo-type bridges
and one to two carboxylate bridges in the active site;
the presence of five-coordinate centers (Figure 20) can
also be seen (one of the Mn sites is ligated to an
additional water molecule). Thus, a comparison of
magnetic data from both model complexes and the
enzyme has provided structural information about
the enzyme active site and effectively excluded
particular structural types from consideration.

4.4, EPR Spectroscopy

A comparison of the electron paramagnetic reso-
nance (EPR) spectra of the Mn catalases and small-
molecule model compounds provided the first insight
into the active-site structure of these enzymes. The
Mn'l,, Mn"Mn" and Mn'"'"Mn'V oxidation states of
the enzyme are observable at X-band frequencies (9.3
GHz), and the spectra are consistent with a dinuclear
Mn center. These spectra are sufficiently different to
allow the assignment of oxidation states to the
manganese ions. Furthermore, one can extract pre-
cise metrical separations between the manganese
ions in the fully reduced enzyme. Thus, EPR spec-
troscopy has been an important technique for early
assessments of active-site structure and substrate
binding. Crystallography subsequently proved that
these assignments were correct (this is true not only
for the Mn catalases but also for the structurally
similar active site of arginase).

Dinuclear manganese complexes give characteristic
X-band EPR spectra depending on metal oxidation
states, ligation environment, and the nature of the
bridging ligands, which determines the degree of
exchange coupling between the metal ions. The 5°-
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Figure 20. Active sites of LPC and TTC from a recent
high-resolution crystal structure. Reprinted with permis-
sion from ref 31. Copyright 2001 Elsevier.

Mn isotope has a nuclear spin, I, of 3. Mononuclear
Mn'' compounds, which have (21 +1) hyperfine lines,
show a six-line spectrum centered around 3500 G (g
~ 2). For multinuclear systems with n Mn ions,
however, as many as 6" lines may be observed, giving
rise to rich spectroscopic signatures. The magnitude
of the observed hyperfine splitting is oxidation state
dependent, so the width of the observed transitions,
and hence the ultimate pattern of the spectrum, can
be diagnostic for specific structure types. EPR is a
particularly sensitive technique capable of detecting
intramolecular exchange couplings as small as 0.001
cm™1, as opposed to magnetic susceptibility studies
which detect electronic interactions as small as a
wavenumber.

Although integral spin systems are not usually
seen using perpendicular mode detection, Mn'', com-
plexes are an exception. The manganese(ll) ions are
always antiferromagnetically coupled (J < 10 cm™)
in these systems. This leads to a spin ladder, from S
= 0 to S = 5, which has small energy separations
between states. Therefore, even at temperatures less
than 40 K, the EPR spectra for these Mn'', dimers
can be quite complex. Often there are four broad
transitions, each of which can be composed of an 11-
line hyperfine structure, although usually only one
or two sets of hyperfines can be resolved. One expects
11 lines from a homovalent Mn dimer on the basis
of the equation 2(2)I + 1. In addition, the measured
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Figure 21. EPR spectra of Mn''; complexes. Reprinted
with permission from refs 45, 84, 92, and 191. Copyright
1990 Elsevier, and copyright 1994, 2000, and 2002 Ameri-
can Chemical Society.
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Figure 22. EPR spectra of [Mn''y(benzimpn)] with as-
signed hyperfine transitions. Reprinted with permission
from ref 136. Copyright 1987 American Chemical Society.

hyperfine coupling constant is one-half of the value
observed for a monovalent ion of the same oxidation
state. Representative Mn'', EPR spectra are found
with the complexes [Mn'',(2-OHbenzimpn)(u-OAc)]?+
and [Mn''»(2-OH(5-NO,sal)pn).]>* as well as [Mn,(u-
OH,)(u-OAc),(tmeda),] (OAC), and [Mn'',(u-O,CCH3)s-
(bpea).](PFs). The spectral features of the model
complexes may be compared favorably in some cases
to the EPR spectrum of the T. thermophilus enzyme,
shown in Figure 21, although a spectroscopic match
to the enzyme has yet to be made.

Detailed interpretation of spectra from models or
enzyme is complicated by the multiple excited states
that are populated even at low temperatures. The
EPR spectrum of Mn'"';(benzimpn) is shown as Figure
22 with indexed hyperfine transitions.’®¢ Typically
single-value decomposition methods are used to de-
convolute each of the spectra that arise from the
different paramagnetic states. Spectral simulations
are achieved by preparing a Boltzmann-weighted
spectrum on the basis of the J value of the complex
and the extracted spectra for each paramagnetic
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Table 3. X-ray Crystallographic and EPR ZFS Data
for Mn'', Centers

r (Mn—Mn), A
Mn''; pair in: X-ray ZFS ref

MgO 3.06 3.07 200—203
CaO 3.32 3.31 200, 201
(CH3)4NCdCl; 3.26 3.25 204
Mn,(u-OAc)(benzimpn)]>t  3.54 3.57 35, 84,157
Mn,Cls(benzimpn) 3.63 35, 84,157
[(HL)2Mny(u-OH)T* 3.662 3.65 205
MnCat 3.6 £0.3° 17
MnCat(Ph) 359 35
arginase (+borate) 350 35
arginase (—borate) 3.57

3.52

3.36

a L = 4,7-bis(2-hydroxylbenzyl)-1-oxa-4,7-diazacyclononane,
Mn—Mn distance derived from Zn-substituted complex. ® Mn—
Mn distance obtained from X-ray analysis for single crystal
soaked in ammonium sulfate. Reproduced with permission
from ref 35. Copyright 1995 American Chemical Society.
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Figure 23. Correlation (solid line) between the crystallo-
graphically determined Mn—Mn distance and the EPR-
determined ZFS of the quintet D, state for five samples.
Points 1, 2, and 3 are for Mn'!; pairs in crystal lattices of
MgO, (CH3)4NCdCl3, and CaO, respectively. Points 4 and
5 correspond to the [Mny(CH3CO;)benzimpn](ClO,), and
[Mnz(u-OH)(benzimpn)](ClO4) compounds. Open circles
indicate (Mn,Clsbenzimpn) compound 3, MnCat(Ph), and
Arg(+borate). Reprinted with permission from ref 35.
Copyright 1995 American Chemical Society.

state. Once such a simulation is achieved, the zero-
field splitting for the S = 2 level (Ds=;) may be used
to assess quantitatively the Mn—Mn separation. For
the case of Mn'';(benzimpn), an estimate for the Mn—
Mn separation of >3.2 A was determined. Subse-
quent work examining a broader range of model
compounds provided excellent determinations of the
Mn—Mn separations for the Mn catalases and argi-
nase; these are shown in Table 3.3> An excellent
correlation, shown in Figure 23, exists between the
crystallographically determined Mn—Mn separations
and the magnitude of the Ds—,. These workers further
examined the relationship between the exchange
integral J and structure type for 30 Mn'', compounds
(Table 4). On the basis of this analysis, a reasonable
active-site structure for both Mn catalase and argi-
nase enzymes was obtained. An alternative approach
for determining Mn—Mn distances using the tem-
perature dependence of X- and Q-band spectra has
recently been reported. Additionally, one can directly
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determine the sign of the zero-field-splitting param-
eter for each paramagnetic state in this manner.137.138

Unlike the reduced Mn'", catalases, the catalyti-
cally active high-valent Mn'"', form is typically EPR
silent. However, in the presence of reductants, two
other oxidation levels have been detected. The T.
thermophilus enzyme can form a Mn""Mn"' state
while, for reasons unknown, the L. plantarum en-
zyme cannot. If the centers are antiferromagnetically
coupled, they will have an S =/, ground state which
gives a characteristic EPR spectrum centered at g =
2. The maximum number of isotropic hyperfine lines
is given as [2(1 + 1)mna2(1 + 1)mnam]. Unlike the
case for homovalent dimers, where the a-values are
equal for both ions, this mixed-valent state can
exhibit between 16 and 36 hyperfine lines, depending
on the relative values for amnqry and amngny. The EPR
spectrum of the compound [Mn'"Mn"'(2-OHbenz-
impn)(u-OAC)J*" is characteristic of antiferromagneti-
cally coupled complexes at this oxidation level (Figure
24). One or two examples of ferromagnetically coupled
compounds are known;'?3127 the EPR spectra, how-
ever, of these complexes are quite different from those
observed for the Mn catalases (e.g., having significant
low-field features typical of an S = 7/, state). This
observation further confirms the antiferromagneti-
cally coupled nature of catalase enzymes in the Mn'!-
Mn'!" oxidation level.

The antiferromagnetically coupled Mn'"Mn'"' com-
plexes usually exhibit a spectral range of about
1300—1400 G, compared to the more oxidized Mn'"'-
Mn" mixed dimers which have a spectral range of
1150 G. This decrease in spectral width is attributed
to the inherent hyperfine coupling constant for Mn'V,
which is usually significantly less than that for Mn'".
The Mn'""Mn'Y compounds are, in most cases, strongly
antiferromagnetically coupled, with |J| > 100cm™1.
These complexes also have an S = /, ground state,
but most excited states are too high in energy to be
significantly populated at liquid helium tempera-
tures. The Mn'""Mn'Y complexes also give distinct 16-
line spectra (Figure 25); because there have been
several detailed explanations of the EPR spectra for
Mn'""Mn'"Y with large J coupling, we will refer inter-
ested readers to these excellent articles. The EPR
spectral data for the superoxidized manganese cata-
lase are most consistent with a strongly coupled
Mn""Mn"(u-0O), core.

EPR spectroscopy has long been used to identify
the different manganese oxidation states.3"114.139
There are, however, complexes that behave differ-
ently than what is usually seen.®! For example, not
all dimanganese(l11/1V) complexes are necessarily
strongly coupled; the 12-line spectrum of [Mn"'"Mn'V-
(2-OHsalpn),]™ shown as Figure 26A is unique in that
no biological samples have been found that exhibit
this modified multiline. More recently, EPR spectral
simulations have been applied to this compound*® in
order to extract a variety of parameters to explain
these complex multiline features. This approach can
account for the anisotropy of hyperfine interactions,
weak exchange couplings, and other properties that
would affect typical Mn'"Mn"' and Mn"'Mn'Y multi-
line spectra.''413° Another rare EPR spectrum for a
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Table 4. Exchange Integrals J for Different Mny(l1,11) Dimers (H = —2 JS;-S;,)?

Compound” J (cm™) r (A) M-O-M (°) Reference
O bis(u-0)
I~
Mn \O,Mn in MgO -10.5 3.06
in MnO -6.9 3.13 90
in CaO -2.8 3.32 200,201
Mn-0-=Mn
u-0
in MgO -196 43 180
S< in CaO -3 4.45
Mn” “Mn
u-thiolate
\O/ [Mn('L)Cl(CH;OH)]rl -7.8 4.67 127.7 206
Mn< :Mn
PR bis(ue-0*)
Mns0,(0,CPh)1o(py)2(MeCN), -2.4 3.8 117.4,119.9 207
R
O .
U< bis(u-phenoxo)
Mn’{ ,~Mn [an(zL)z(THF)z](ClO4)2 >-0.18 3.256 99.9 208
R [Mn,(’L)(NCS),] 3422 104.1 209
[Mn(*L)], -0.63 210
MnCL)], -1.88 33 101.2 126
[Mn(°L)CH;CN], 3.205 93.6 88,127
[an(7L)zC12] +0.24 3.324 103.2 211
[Mn,(®L)Cl,] +0.2 212
SACL [Mny("L)(CH;CO2)2] 3.34 103.6 213
MnsAc—-Mn
Ac/ tris(u-carboxylato)
[Mny("°L)(u-CH3CO,);3]* -1.7 4.034 130
LAC,
Mn\Af Mn bis(u-carboxylato)
dimanganese Concavalin A -1.8 425 214
Ac [Mn,(C;3F;,CO,)4(bipy)a] -2.6 3.679 215
MlﬁA(y\—Mn 2(L3F7C0,)4(D1pY
(0) (U-phenoxo)bis(u-carboxylato)
R [Mno(*'L)(CH;CO,)J* -4.9 216,217
[Mno(*'L)(PhCO2),]" 55 216,217
[Mny("°L)(CH;CO»).]* 3.589 1158 218
™M 'ﬁ:::' Mn [Mny("“L)(NCS)(CH3CO,),] 3.34 99.9 219
O
H, (u-H,O)bis(u-carboxylato)
[an('4L)(F5C2C03)4(H20)3] -1.65 3.739 114.6 220
_Ac__ [Mny(H,0)(piv)+«(Me;bpy), -2.73 3.595 110.2 88
Mn{Ac;Mn [Mny(H,0)(CH3CO2)4(°L)s) -2.952 3.621 110.0 88
o [Mny(*°L)(NCS)(CH3COy)2] 3515 3.325 99.2 95
g (u-hydroxo)bis(u-carboxylato)
Mr{A?—Mn [Mn(*°L)(m-OH)(m-CH;CO,),]* 9 3.351 109.4 221
O
Me -alkoxo)(u-carboxylato)(u-phenox
Mn ™Mn Mn,(*L)(CH;0)(u-CH;COy), 3.8 219
\0/
H w-hydroxo
H [Mny('"L)y(u-OH)1* -2.65 205
(o)
e -~
M ~O~ Mn bis(m-hydroxo)
H [Mny("*L),(OH)1, 3314 104.8 59,61
aFor Mn complexes in Mny(11,111) and Mny(l11,1V) redox states, see ref 222. P Ligands (L, i = 1, 2, 3, ...): L = 2-[2-(2-(2-

pyridyl)ethylamino]ethanol; 2L = o-(bis(2-(1-pyrazolyl)ethyl)amino)phenol; 3L = 2-[bis(2-pyridylmethyl)aminomethyl-4-nitrophenol;
4L = N,N’-bis(salicylidene)-1,7-diamino-3-azapentane; 5L = N,N’'-(1,1")dithiobis(phenylene)]bis(salicylideneaminato); 6L = 2-(bis-
(salicylideneamino)methyl)phenol; 7L = Schiff base of 1,3-diaminopropane and 2 mol of 2,6-diformyl-4-tert-butylphenol; 8L = Schiff
base of 1,3-diaminopropane and 2 mol of 2,6-diformyl-4-methylphenol; °L = Schiff base of 1,3-diamino-2-hydroxypropane and 2
mol of 2,6-diformyl-4-methylphenol; °L = N,N’,N"-trimethyl-1,4,7-triazacyclononane; 'L = 2,6-bis[bis(2-pyridylmethyl)amino-
methyl]-4-methylphenol; 2L = 2,6-bis[(bis(2-(2-pyridyl)ethyl)amino)methyl]phenol; 3L = 2,6-bis[N-(2-pyridylethyl)iminomethyl]-
4-methylphenol; L = 2-ethyl-4,4,5,5-tetramethyl-3-0xo0-4,5-dihydro-1H-imidazolyl-1-oxyl; 5L = N,N,N’,N’'-tetramethylethylene-
diamine; L = 2,6-bis[2-(diethylamino)ethylaminomethyl]-4-methylphenolate; 'L = 4,7-bis(2-hydroxybenzyl)-1-oxa-4,7-
diazacyclononane; 8L = hydrotris(3,5-diisopropyl-1-pyrazolyl)borate. Reproduced with permission from ref 35. Copyright 1995
American Chemical Society.
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Figure 24. Mn''"Mn"' EPR spectra of benzimpn complex
and TTcatalase. Reprinted with permission from ref 84.
Copyright 1994 American Chemical Society.
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Figure 25. Comparison of EPR spectra from various Mn'!'-
Mn'Y model complexes. Adapted from refs 84 and 151.
Copyright 1994 American Chemical Society.

Mn"'Mn" complex is shown as Figure 26B for the
imidazolate bridged compound [Mn'""Mn'V(salpn),-
(DCBI)]. This compound is one of only two ferromag-
netically coupled Mn"'"Mn'' molecules. The most
important aspects of this spectrum are the low-field
features indicative of S > !/, spin systems and the
appearance at higher temperature of a g = 2 multi-
line feature that is assigned to an excited-state S =
1/, spin manifold. While this spectrum is not relevant
to the Mn catalases or arginase, the low-field features
bear a striking resemblance to the infrared-induced
low-field signature of the S, state of the OEC. The
final example that we will give on “aberrant” EPR
spectra for Mn dimers is that of weakly exchange
coupled Mn', species. Similar to Mn''", complexes,
one expects Mn', to be EPR silent because of the
strong exchange coupling. However, two recent ex-
amples of Mn'Y, complexes demonstrate that weak
exchange coupling can be achieved in these sys-
tems.119135 The spectrum of [Mn'V,(salpn),(DCBI)]*
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Figure 26. Unusual EPR signals given by model com-
plexes: (A) a 12-line spectrum of [Mn"'Mn!V(2-OH(3,5-Cl,)-
salpn),;]* and (B) X-band EPR of the [Mn"'"Mn'V(salpn),-
(DCBI)] multiline at g = 2, 53 K. Reprinted with permission
from refs 151 and 134. Copyright 2003 The Royal Society
of Chemistry.
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Figure 27. EPR of the [Mn'V,(salpn),(DCBI)]* complex:
(a) X-band spectra of the complex at 5.5 K (solid line) and
50 K (dashed line); (b) comparison of low-field Q- (solid line)
and X-band (dashed line) spectra at 5.5 K. Reprinted with
permission from ref 135. Copyright 1997 American Chemi-
cal Society.

in Figure 27 is indicative of this class of compound.
At first inspection, the spectral features are similar
to those of the Mn'', complexes described above and
demonstrate that care needs to be taken when
assigning oxidation states of dinuclear Mn com-
pounds. Second, it may be possible to apply ap-
proaches similar to those that have been used with
Mn!, systems for discerning Mn—Mn separations in
these weakly coupled Mn'V, species.

5. Reactivity Models

Given their very efficient antioxidant capabilities
(disproportionation of hydrogen peroxide occurs at or
near the diffusion limit), catalases are an attractive
target for not only pharmaceutical applications but,
in some cases, cosmetic ones. The mechanism by
which catalases reduce reactive oxygen species has
not been determined. One of the most important as
well as challenging aspects of model studies is
mechanistic characterization of complexes that ex-
hibit similar activity for comparison to what is
observed in the biological system. Our primary inter-
est here is to look at manganese-containing models
capable of catalyzing the disproportionation of hy-
drogen peroxide. Although a multitude of catalase
reactivity mimics have been reported, we will limit
our discussion in this section to those systems with
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Table 5. Comparison of Catalase-Type Activity of Various Model Systems
kcat/KM

compound(s) Keat (572 (Ms™) ref
Mn catalase (T. thermophilus) 2.6 x 10° 3.1 x 108 17, 40, 223
Mn catalase (L. plantarum) 200 000 600 000 18
Mn catalase (T. album) 26 000 1700 000 224
rat liver arginase 30 10.9 140
Mn''(ClO4),*6H,0 0.006 nra 149
Mn'"(H,0)s 0.0063 ns 24
Mny(edda), 52° 225
[Mny(bispicMe,en),(1-0),]3" 240 158
[Mna(bisRzpicXzen),(u-0):1*" (R = CI, X = Me) 298 158
[Mna(bisRzpicXzen) (u-0),13t (R = NO,, X = Me) 352 158
[Mn(bpia)(u-OAc)]. 1070 34 000 67
[Mn"V,(salpn)(u-0)]2 250 1000 74, 165
[Mn'"'(2-OHsalpn)]. 10.1 990 24
Mn,(u-O)(OH_)(OAc)(benzimpn)]™ with 5 equiv of "OH 2.1 700 155
Mn,(u-O)(OH,)(OAc)(benzimpn)]+ 2.7 450 155
Mn(u-OAc)(u-OH)(benzimpn)]* 0.65 93 155, 156
Mn;(benzimpn)(u-OAc) kpi = 0.23 ns 223
Mn'"(2-OH(5-MeOsal)pn)]. 4.2 382 24
Naz[Mn"(2-OH(5-Clsal)pn)]. 16 340 24, 226
Mn!T(2-OH(5-Clsal)pn)]2 21.9 310 24
[Mn'"(2-OH(3,5-Cl,sal)pn)]. 18.9 160 24, 226
[Mn''(2-OHpicpn)]s** 150 70 150, 227
[Mn""MnN'Y (u-O),(u-OAc)(tacn)(bipy)(OH)1?* 13.2 ns 93
[MN"MN!Y (u-0O),(u-OAc)(tacn)(OAC),] 5.5 ns 93
Mn'"'; L(u-3,4-NOjbenzoate)]* 4.4
Mn'',L (u-CsHsCO2)2(NCS)] 0.79 ns 159
[Mn""Mn'V(bpg).(u-0)2](ClO4) 0.26 ns 163
[(OAC)MN"!(bbmI),Mn"'(OAC)](BF.). 0.027 ns 77
[(tol)Mn(bbml),Mn(tol)] (ClO.), 0.027 ns 78
Mn'"'(TPP) 0.013 ns 142
[MnIIz(,u-OzCCHs)3(bpea)2](PFs) ns
Mnz(anthracenediporphyrin) complexes 1.5-6.1 ns 142
Mn'';(Hsal)s(H20)4 25.8 ns 228
(Ba,Ca)2[Mny(0O)(OH)(dahpta).(OAC);] 1.04 ns 149
[Mn,L(O.CR)](BPhy). 14.5
Mnz(OMe)(OACc)(3-MeO-salpentO)(MeOH),]Br 7.9 32 94

anr = data not reported or not available; ns = no saturation kinetics reported. ? Active complex dissociates and increases

oxidizing strength of solutions, multiple processes occurring.

the most relevance to the enzyme. These will be
discussed in detail, not only with respect to their
catalytic details but also, when possible, with respect
to their anion-bound analogues (fluoride, azide, thio-
cyanide). These anion-inhibited complexes are of
particular interest because, while the enzyme is
known to be inhibited by anion binding, the details
of how and why the inhibition occurs are not yet
known.

The efficiencies of the different catalysts discussed
in this section are compared to the manganese
catalases in Table 5. It should also be noted that even
simple Mn'"" in aqueous solution catalyzes peroxide
disproportionation, albeit slowly; therefore, in all
reactivity studies appropriate controls must be com-
pleted to ensure that the model of interest is the
actual catalyst. Another important distinction should
be made regarding catalysts at the outset. In most
cases, the structurally characterized material often
presented as an ORTEP diagram is, at best, a
precatalyst since ligand dissociation is required for
substrate binding and subsequent reactivity. In many
cases, the initial complex may begin as a dimer but
dissociate during the reaction to yield a new com-
pound that completes the catalytic cycle. Unfortu-
nately, these details and the final disposition of the
“catalyst” are often not reported.

Of the notable reactivity models (Table 5), there
are only a few which exhibit catalytic rates that even
begin to approach rates exhibited by the enzymes.
Even in the best cases, these reactivity models are
still 2—3 orders of magnitude slower than the cata-
lase enzymes in terms of keye and Kea/ Ky, however,
synthetic models have now met or exceeded the
catalase activity of arginase.'#°

5.1. Early Reactivity Models

Among the first reactivity models were dimers
based on porphyrin-bound manganese complexes.
While it was realized early in the studies of manga-
nese catalases that the porphyrin cofactor was not
present in these enzymes, such porphyrin complexes
are inherently interesting since the mammalian
catalases are heme enzymes. One such diporphyri-
nato-dimanganese(l11) complex, studied by Naruta et
al.,’* showed evidence of dioxygen evolution in
aqueous media; the proposed mechanism, shown in
Figure 28, was thought to involve formation of
hydroxide bridges on the resulting Mn'V centers.
Given these promising first results, analysis of other
diporphyrinato-dimanganese complexes was per-
formed. The [Mn"(TPP)],>~ and [Mn'"'(OEP)],?>~ com-
plexes for example are stable structures which, like
catalase, incorporate Mn'"! ions in their catalytic
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Figure 28. Proposed mechanistic cycle of the anthracene-
linked diporphyrinato-dimanganese(l11) complex. Reprinted
with permission from ref 147. Copyright 1997 Elsevier.

cycle.'*! During catalysis, however, the dimeric unit
would dissociate. It was also found that the mono-
mers showed evidence of oxygen evolution in the
presence of hydrogen peroxide. In the case of
[Mn(TPP)], initial oxygen evolution was recorded at
2.4 x 1077 mol min~% Mn porphyrins with rigid
linkers'#? such as anthracene yielded similar struc-
tures but with the added advantage that the two
porphyrin units would not dissociate and could be
held a fixed distance apart. The series of structures
(some with bulky substituents on the porphyrin
rings) showed that, while activity could be obtained
for most of the complexes, O, evolution rates were
greatly enhanced in the presence of methyl imidazole
for complexes which allowed entrance of the base into
the cavity. The imidazole in the H,O,—Mn porphyrin
systems was proposed to accelerate homolysis of the
O—0 bond and stabilize a Mn'V=0 intermediate that
was formed in the catalytic cycle.!*3'% In these
studies, it was shown that the dinuclear center was
essential for catalysis although the catalytic cycle did
not necessarily show the same oxidation states as the
enzyme. Even in the best anthracenediporphyrin
case, the rate of turnover was low, at about six
turnovers per second compared to about 107 s~ for
T. thermophilus catalase.'*®> While the intermetal
distance was an important factor in this series of
complexes,*6147 the rigid anthracene spacer in the
most active complex held the metals at ~4.5 A, a
much larger distance than is found in the enzyme.

Although these manganese porphyrin complexes
show evidence of catalase-like activity, they do not
exhibit the characteristics that might make them
functionally relevant models of the enzyme. For
example, the catalytic cycle of these complexes em-
ploys a Mn'V species, an oxidation state that has been
shown to be inactive in the catalase. Saturation
kinetics are not reported, and turnover is certainly
much lower than desired (compared to the enzyme
as well as some of the other functional models that
have been reported; Table 5). First-sphere coordina-

Chemical Reviews, 2004, Vol. 104, No. 2 927

Figure 29. The unique complex by Stibrany and Gorun
bearing an unusual bridging motif. Reprinted with permis-
sion from ref 149. Copyright 1990 Wiley-VCH.

tion may play a significant role in controlling proper-
ties of the catalysis at this dimanganese center, and
the porphyrin ligand does not provide a good ap-
proximation for the types of ligation proposed in the
active site of the enzyme. One particular porphyrin
complex is worth noting. Recently, Nocera and co-
workers*® reported a different porphyrin derivative.
Instead of utilizing two porphyrins connected by a
rigid linker, they attached a rigid xanthene scaffold
to the porphyrin. To this “hangman” scaffold, a
functional group could be affixed in a manner that
would provide a hydrogen-bonding group direction
above the porphyrin-bound metal. The manganese-
bound HPX-CO,;H complex and similar derivatives
with dibenzofuran (HPD) are well-defined structures
that have allowed the study of hydrogen-bonding
influences on O—O bond activation. These hangman
porphyrin complexes do indeed show increased cata-
lase-like disproportionation of hydrogen peroxide in
addition to epoxidation chemistry at rates that exceed
the rates of the bare Mn-trimesitylporphyrin (i.e.,
without the dibenzofuran or xanthene scaffold).
Despite their modest activity, they are distinguished
by their use of a hydrogen-bond network to promote
their enhanced catalytic oxygen activation. Few
model complexes have been developed that employ
hydrogen bonding in their catalytic cycle. Further
mechanistic investigations of this proton-coupled
dioxygen activation may provide information neces-
sary for a more fundamental understanding of how
manganese catalases so efficiently catalyze the dis-
proportionation of hydrogen peroxide.

5.2. Tri- and Tetranuclear Models

Tri- and tetranuclear models have been synthe-
sized that show evidence of hydrogen peroxide dis-
proportionation activity. While these complexes may
not have direct structural relevance to the enzyme,
their dimeric subunits may, providing justification
for examining the details of their catalysis. One of
the first complexes, (Ba,Ca):[Mn4(u-O)(u-OH)(O,-
CCHpg),(dahpta),], was presented by Stibrany and
Gorun (Figure 29) and is formulated as an Mn''Mn'"';
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Figure 30. The first two-by-two grid complex, [Mn'(2-
OHpicpn)]s.4~ Reprinted with permission from ref 150.
Copyright 1996 American Chemical Society.

complex!*? on the basis of symmetry and interatomic
distances. The complex decomposes hydrogen perox-
ide at catalytically high rates (O, evolution at 4 mL
s™! compared to the TPP and OEP systems men-
tioned previously (0.05 mL s™1)). Unique to this
complex is a bridging (O2H)3~ which shows a strong
hydrogen-bonding interaction and has been proposed
as an intermediate stage in the deprotonation and
coupling of two water molecules at the center of the
complex.

Another important tetranuclear complex is the first
two-by-two grid complex [Mn"(2-OHpicpn)]s*~ (Figure
30). This tetramer has inter-manganese distances of
3.74 A and disproportionates hydrogen peroxide at
a significant rate.’®® Labeling studies reveal that the
complex does not dissociate during catalysis and that
both oxygen atoms in the product dioxygen originate
from the same hydrogen peroxide molecule. The
complex exhibits saturation Kinetics (Vmax = 140 +
8 st and Ky = 2.6 £+ 0.3 M) that proceed via cycling
of oxidation states relevant to the catalase (Mn'', <
Mn'";Mn"). This molecule, like the [Mn(2-OH(5-
Clsal)pn)]. complex that will be discussed later in this
section, shows an H/D kinetic isotope effect, indicat-
ing that a proton-dependent step is important in the
disproportionation process. The catalytic efficiency
(Keat/Kn) of the molecule at 55 Mt st is still lower,
however, than the 300 M~! s™! measured for the
dimeric [Mn(2-OH(5-Clsal)pn)].. Therefore, the picpn
complex shows clearly that four Mn ions in a square
arrangement can produce dioxygen from peroxide
but, in this case, is less effective than some of the
dimeric complexes that are even more reactive. The
proposed catalytic mechanism,*®* shown as Figure 31,
suggests inner-sphere coordination of the peroxide
moiety in both the reductive and oxidative halves of
the redox reaction. The Weatherburn trimer®? dis-
cussed below serves as a model for a peroxide
intermediate in this system.

Another tetranuclear complex worth mention is the
Mn"sMn'Y complex [MnsOg(bpea)s]®, an efficient
hydrogen peroxide disproportionation catalyst dis-
playing saturation Kinetics at a rate of ko = 11.1 +
0.9 st (vs keat = 2.0 x 10° s7! for L. plantarum
enzyme).’> The rate of disproportionation in the
biomimetic system is first order in complex as well
as hydrogen peroxide concentration and exhibits
saturation kinetics. Isotope labeling studies reveal
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Figure 31. Proposed [Mn'"(2-OHpicpn)]4s*~ mechanism.
Reprinted with permission from ref 151.

that both oxygen atoms of evolved dioxygen originate
from one hydrogen peroxide molecule. Addition of the
base Mes(tacn) to the reaction solution (aqueous pK,
=11.7) produces a deviation from Michaelis—Menten
kinetics that is indicative of cooperativity in the
disproportionation reaction. No oxidation state cy-
cling is seen in this complex.®

Trimeric complexes such as Mn''3(5-NOjsalim),-
(OAc); and B-Mn',;Mn'(saladhp),(OAc)4(CH30H),
suffer from some of the same problems as the
tetrameric complexes in terms of structure, catalyst
decomposition, or employing oxidation states that are
not relevant to the enzyme. While these complexes
show catalase-like reactivity, they too do not achieve
rates that are significantly improved over the dimeric
complexes that have been revealed. Probably the
most important of this group is the peroxo-bridged
species Mn3"(dien)s(u-OAc),(us-O)(u-02)%t, prepared
by Weatherburn.’®? Although catalase activity was
not reported for this compound, it does serve as a
speculative intermediate for a hydroxide-bridged
dinuclear Mn"' complex prior to peroxide oxidation.
In fact, the complex is actually prepared by the
reaction of dioxygen with the lower valent precursor.

5.3. Dinuclear Models

Dinuclear manganese complexes certainly provide
a more direct structural relationship to the catalase
active site than their tri- and tetrameric relatives.
As structural data have become more detailed and
crystal structures of the enzymes have been obtained
at higher resolution, the complexity of the models has
also grown. A wide variety of functional model
complexes have been produced. Most of them, how-
ever, have only one or two characteristics that
properly emulate the enzyme; these inherent limita-
tions perpetuate the need for development and full
characterization of improved functional models.

The first promising functional model for the man-
ganese catalases was developed by Dismukes et al.
in 1987. It was reported to catalytically dispropor-
tionate H,O, and uses an N-donor-based ligand set
that is biologically relevant (provided by four pendant
benzimidazole groups). This septadentate ligand
N,N,N’,N'-tetrakis(2-methylenebenzamidazolyl)-1,3-
diaminopropan-2-ol binds two Mn'"" ions through an
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Figure 32. Halide-bound benzimpn complex. Reprinted
with permission from ref 136. Copyright 1987 American
Chemical Society.

alkoxide oxygen from the 2-propanol backbone. A
second bridging site is occupied by either a Cl~ or
~“OH anion.'3¢ Although not structurally character-
ized, the complex was believed to possess a terminally
bound CI~ at each manganese ion (Figure 32); the
dimanganese core was confirmed by EPR spectros-
copy, and a metal—metal separation of 3.2 A was
estimated from EPR experiments (vide supra). This
complex was the first of its kind to exhibit better than
stoichiometric reactivity with hydrogen peroxide,
disproportionating 200 mmol of peroxide per milli-
mole of complex. Kinetic studies indicate that it uses
the Mn'; and Mn'", oxidation states during its
reaction with H,O,—the same type of reactivity
observed for the manganese catalases.

Dismukes has since reported® 155157 analogous
complexes in which the chloride bridge has been
replaced with a carboxylate group (either monoden-
tate or bidentate), generating five-coordinate Mn"
ions. Besides having increased solubility compared
to the chloride-bound precursor, the complexes ex-
hibited the same redox cycling as seen during the
catalase reaction. It was also observed that a lag
phase was present with the acetate-bridged species
and that an excess of acetate inhibited the reaction,
suggesting that dissociation of acetate was critical
to the reaction. Without the presence of the bound
anion, rate enhancement was observed and the
turnover number increased from 200 to greater than
1000. Kinetic data place a second-order rate constant
at 1.2 M1 s, suggesting that reduction of peroxide
and regeneration of the Mn'""'; complex might be the
rate-limiting step. The best of these complexes gives
a keat of 0.2s71 but has ke/Kyv values at about 3 M~
s7L.

The most efficient catalysts of this series do not
have lag phases and are formed when 5 equiv of
hydroxide is added to the system. The compounds
shift from colorless to bright orange. Spectral inves-
tigation (UV—vis, NMR) suggests that this species
is a dinuclear Mn'"" complex with a terminal acetate
group, a bridging u,-oxo between the Mn ions, and a
terminally coordinated hydroxide ion. This conver-
sion does not change the slow step of the catalytic
cycle, which is the oxidation of the Mn'', dimer. One
of the attractive features of this system is that
catalysis occurs in mixed aqueous/methanol solutions
whereas other models require a less polar/protic
solvent for optimal rates. The catalyst generated with
5 equiv of base in a 98% methanol/2% water mixture
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Figure 33. Proposed five-step mechanism for the catalytic
benzimpn complexes. Reprinted with permission from ref
155. Copyright 2000 American Chemical Society.

exhibits a significant enhancement for ke at 2.7 s71,
a Ky, = 6 mM for peroxide, and a Keo/Ky at 450 M1
s™1. The kea/Km can be raised substantially (700 M1
s™1) by changing the solvent to an 11% methanol/89%
water mixture. The change in ke«/Ky is due not to a
higher maximal rate (ke at 2.1 s™1) but rather a
strengthening of the substrate affinity which now has
a Michaelis constant of 0.3 mM. The added hydroxide
ions are thought to aid in deprotonation of metal-
bound hydrogen peroxide in the proposed five-step
mechanism?*%® shown as Figure 33. This places these
compounds, based on a ke/Ky criterion, within a
factor of 800—4500 of the enzymatic rates. The
authors believe that the rate of catalase reactions is
not critically dependent on the reduction potential
of the catalysts. Instead, it is proposed that the
intramolecular hydroxide, required for substrate
deprotonation, is the essential component for efficient
catalysis. In addition, an unobstructed substrate
binding site is required for the proposed end-on
hydroperoxyanion coordination. Like the Mn cata-
lases, the Mn'""Mn'"Y complex of this septadentate
ligand system is catalytically inactive. Given the high
efficiency and many similarities to the Mn catalases,
this system has been one of the most effective models
for the enzymatic reaction.

The bispicen ligand is a simple system which
provides four nitrogen donors (two from pyridine and
two from ethylenediamine). The Mn,(u-O),(bispicXsz-
en), complexes are known as both structural®? and
functional'>® models. The complexes are usually two-
fold symmetric and vary only in bridging species. At
least eight different derivatives of these complexes
are known, and catalysis proceeds to disproportionate
hydrogen peroxide in neutral agueous media. There
are three critical flaws for this system, however:
incorrect oxidation states are utilized in the catalytic
cycle (Mn''; <= Mn'Y,), the complex is dioxygen
sensitive, and the complex likely dissociates into
monomers during the lower oxidation portion of the
cycle. While as many as 2000 turnovers may be
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achieved, the catalytic rate decreases significantly as
more dioxygen is evolved in the catalysis. Thus,
despite catalyzing the same disproportionation reac-
tion, this is a less likely functional model for the
catalases upon closer inspection.

The tacn ligand provides three nitrogens that bind
facially and provide some steric constraints to the
Mn-bound complexes. These ligands may sometimes
yield slightly more distorted geometries about the
metal than their more simplistic counterparts, espe-
cially if bulky alkyl substituents are added. Certainly
they have already provided information regarding
bridging types in the enzyme. In terms of function,
complexes such as [Mn"'"Mn'"(u-O),(u-OAc)(tacn)-
(bipy)(MeOH)](CIO4), and [Mn"'"Mn'V(4-O),(u-OAc)-
(tacn)(OAc),] show moderate rates of catalysis and
present an intermanganese distance of about 2.65
A 93 The ke values reported for these two complexes
are 13.5 and 5.5 s, respectively, although it is
almost certain that these are precatalysts with reac-
tive compounds missing acetate groups. No satura-
tion Kinetics have been reported for the tacn com-
plexes and, as in the previous case, closer inspection
shows that its oxidation state cycle during catalysis
employs oxidation states that are not used in the
enzyme. In particular, the redox cycling occurs
between oxidation states that are known to be
inactive (Mn""Mn"'" <= Mn"'Mn'") in the enzyme.
Another disadvantage is that the compounds likely
dissociate during the reaction cycle. The tacn series
of complexes have been fully characterized even for
inhibition complexes that are azide or SCN bound.

Other anion-bound complexes have been studied
thoroughly.®>1%° Notable among these are the phe-
nolate-based ligands or macrocycles; these have been
well-characterized but are of little interest as models
due to their non-representative magnetic properties
(discussed in section 3.3) as well as nonrelevant
ligand set. In terms of reactivity, observed rates are
on the order of 0.3—0.8 s~ for both macrocyclic and
non-macrocyclic ligand complexes;69-162 these rates
are certainly not exceptional. Catalytic cycles occur
between the Mn'', and Mn'Y, oxidation states. Ad-
ditionally, while complexes with CI~ bridges or bound
anions have been synthesized, their presence acceler-
ates the observed catalytic rate?6169—the opposite of
the inhibitory effect seen for the enzymes.

Other complexes that utilize amine-based tri- and
tetrapodal ligands bear a different set of limitations
but rarely fare any better with respect to reactivity.
The [Mn"'Mn"(bpg).(u-O),]~ complex also does not
exhibit saturation kinetics. The advantage of this
complex lies in incorporation of glycine as one of the
ligand arms. This, of course, provides a biologically
relevant carboxylate ligation to the manganese
ion(s) and is, in this respect, a better donor set than
tacn (although the pyridyl nitrogens in the bpg ligand
are still electronically different from histidine). In-
terestingly, the activity of the complex is highly
dependent on the presence of protons (a characteristic
that is not unexpected and that has been seen in
many other functional complexes). The value of Keat
is, at 0.25 s7%, quite a bit lower than that for the tacn
complexes just discussed.’®® The complex [Mn''-

Wu et al.

(u-O,CCHpg)s(bpea),;]~ is worth mentioning at this
point. Although it has the same bispicolyl framework
as bpg, the glycine has been substituted for a simple
alkyl group. It is indeed catalytically active,® al-
though details of the catalytic activity have not been
reported. A chloride-bridged derivative has also been
described'®* and is structurally in agreement with the
mode of binding for F~ inhibition of the catalase that
was deduced from magnetic studies.*” Despite a large
Mn—Mn separation of 3.92 A due to the presence of
three carboxylate bridges, it is notable that this
complex has been observed to utilize Mn'', < Mn'"!,
cycling during catalysis.

For many years, [Mn'Yy(salpn)(u-O)], held the
record for the fastest hydrogen peroxide dispropor-
tionation catalyst containing manganese. For this
reason, the kinetics of this Mn'v dimer has been
studied extensively.”#15 It was first recognized that
[Mn'V,(salpn)(u-0)]. could be prepared beginning
with a mononuclear Mn'"'(salpn)* precursor using
either dioxygen or hydrogen peroxide. The dioxygen
reactivity required a basic solution and gave product
in moderate to poor yields. In contrast, 2 equiv of base
was sufficient to allow for the hydrogen peroxide-
initiated oxidation of Mn"!(salpn)* to the desired di-
u-oxo dimer. If this reaction was carried out in
acetonitrile, quantitative yields of [Mn'Y,(salpn)(u-
0O)]2 were obtained. An identical product was obtained
by the reaction of the dimeric [Mn"!(salpn)(u.-
OCH_3)], with hydrogen peroxide. If labeled peroxide
was utilized (H,80,), the [Mn'Vy(salpn)(u-20)], was
isolated. An unexpected change in reactivity occurred
when hydrogen peroxide was reacted with Mn''-
(salpn)™ in dichloromethane. While the same [Mn'V,-
(salpn)(u-0O)]. was ultimately isolated, a strong exo-
thermic reaction occurred with the liberation of a gas.
Analysis of the gas confirmed the production of
dioxygen. These observations suggested that hydro-
gen peroxide was catalytically decomposed by [Mn!V,-
(salpn)(u-0)].. The direct reaction of [Mn'Vy(salpn)(u-
O)]. with hydrogen peroxide in dicholoromethane
yielded quantitative levels of dioxygen, confirming
that a catalase-like reaction was operative. The
catalyst was stable for over 5000 turnovers. Reactiv-
ity and labeling studies with H,%0, and H,%0,
showed that this complex yielded the same resultant
isotope composition as the enzyme (i.e., both oxygens
of dioxygen were derived exclusively from the same
hydrogen peroxide molecule). The reaction of H,®O,
with [Mn"V,(salpn)(u-180)], or H,®0, with [Mn'V,-
(salpn)(u-¢0)], gave €0, and 80, respectively.
Therefore, the origin of the dioxygen was not the
bridging oxygen atoms, but rather the peroxide
substrate itself. If one commenced the reaction with
an equimolar mixture of [Mn'Vy(salpn)(u-O)]. and
[Mn'V,(X-salpn)(u-O)]., the recovered product was a
statistical mixture of [Mn'Vy(salpn)(u-O)]z, [Mn'V,(X-
salpn)(u-0)]2, and [Mn'Vy(salpn)(X-salpn)(u-O)].. This
pattern showed that the dimer dissociated into
monomers during the reaction cycle. However, under
multiple turnover conditions with H»0, and H,®0,,
the w-oxo bridges were also converted to [Mn'Y,-
(salpn)(u-20)], and [Mn'Vy(salpn)(u-1°0)], without the
presence of mixed labeled products, indicating that
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Figure 34. Proposed mechanism for the Mn'V,salpn, complex. Reprinted with permission from ref 165. Copyright 1991

American Chemical Society.

the peroxide bond breakage occurred after association
of peroxide as a dimeric Mn complex. On the basis of
these studies, the mechanism shown as Figure 34
was proposed.t®® The proposed peroxo intermediate
in the mechanism is analogous to the structural
determination of [Mn'V(Mestacn)(u2-O)(O,)] reported
by Wieghardt.'®® A consequence of this mechanism
was that the addition of 1 equiv of acid should cut
the ultimate rate in half and that 2 equiv of protons
would complete inhibit the reaction. This prediction
was ultimately verified using both H* and CHz"
sources. To date, this catalase mimic reaction is the
most thoroughly understood. However, despite its
respectable observed rates of catalysis and high
catalytic efficiency (Keat = 250 s and Keat/ K = 1000
M1 s™1), the complex shows Mn''!'; and Mn'Y, oxida-
tions states during catalysis. Furthermore, the dis-
sociation into monomers ultimately limits the rel-
evance to the catalases. Thus, this system may have
more practical application to the OEC.

The salpn ligand can be modified by adding a
hydroxyl group to the ligand backbone, forming the
class of ligands known as 2-OH(X-sal)pn. As de-
scribed in the structural section of this article, this
ligand has been able to support dimeric complexes
in oxidation levels ranging from Mn', to Mn'V,. Of
particular note is the [Mn"'(2-OHsalpn)], complex
which exhibits saturation kinetics with respectable
turnover rates when reacted with hydrogen peroxide.
The EPR spectra and UV—visible spectra of the Mn"
dimer could be used to assess that the reaction pro-
ceeded via the lower oxidation level. Similarly, iden-
tical rates were observed when [Mn"(2-OHsalpn)],?~
was used as the starting complex.?* Thus, unlike the
[Mn'Vy(salpn)(u-0)]2, this reaction cycles between the
Mn'; and Mn"!, oxidation levels, and there is no
reactivity with either the Mn'"Mn'Y or Mn'V; species.
Catalyst decomposition does not occur, and the
integrity of the dimeric complex is maintained for
several thousand turnovers. Isotope labeling studies
were carried out on this system in order to assess
whether the dimer dissociated during the catalytic

cycle and whether the product dioxygen originated
from a single molecule of hydrogen peroxide, and to
assess the importance of protons for the reaction
scheme. It was concluded that each molecule of
oxygen produced is derived solely from one molecule
of peroxide substrate. The [Mn'"'(2-OHsalpn)]. does
not dissociate into monomers during the course of the
catalase reaction, which is another significant dif-
ference from the chemistry of salpn and most other
model systems. Reactions with D,O, and H,0O, dem-
onstrated a significant isotope effect, indicating that
a proton-dependent step was important in the reac-
tion. Later, [Mn"!(2-OH(X-sal)pn)]. complexes em-
ployed 3- and/or 5-substituted 2-OHsalpn ligands; the
electron-withdrawing and/or -donating substituents
are known to change the donor capacity, thereby
influencing the redox potential of the complex sub-
stantially. Therefore, one can assess the dependence
of the reaction rate on redox potential and Lewis
acidity of the manganese ions. One found that there
were two opposing trends to the rates: the ability of
the compound to be reduced (increasing with electron-
withdrawing groups) and the inability of the com-
pound to gain a ligand (increasing with electron-
donating groups). The trend with potentials is as
expected; however, it was interesting to have the
second trend. Fortunately, the [Mn'"'(2-OHsalpn)],
series can also be isolated as an asymmetric series
of compounds in which an exogenous ligand binds to
one of the two Mn'" ions. In the process, the bridging
alkoxide bond breaks.?* These symmetric (Mn—Mn
~3.3 A) and asymmetric (Mn—Mn ~3.7 A) complexes
have been crystallographically and spectroscopically
characterized in several different oxidation states.
Thus, they serve as both structural and functional
manganese catalase mimics. This is an example of
an alkoxide shift and is analogous to what Lippard
and Tolman first described as a carboxylate shift.
These data provided strong evidence that such a
ligand shift occurred in this model system, making
this the first manganese-based system to mimic a
carboxylate-like shift in an enzyme. On the basis of
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Figure 35. Mechanism of hydrogen peroxide dismutation
for the Mn'"',(2-OH,5-Clsalpn), complex. Reprinted with
permission from ref 24. Copyright 1998 American Chemical
Society.

all of these results, the mechanism in Figure 35 was
proposed.

For the [Mn"'(2-OH(X-sal)pn)], series of complexes,
observed rates of reaction are not as high as for the
[Mn'Vy(salpn)(u-O)], case; these rates are, however,
still significant. These 2-OHsalpn complexes are
efficient functional models for the catalases, having
keat Values as high as 21.9 s (in the case of [Mn'"-
(2-OH(5-Clsal)pn)].) and Keat/Km of up to 990 M1 st
for the [Mn'"'(2-OHsalpn)], complex. All complexes
in this series give catalytic rates between 4.2 and 21.9
s7t and Kg/Kym values between 160 and 990 while
utilizing the same oxidation states of the enzyme for
catalysis. This places the [Mn'"'(2-OH(X-sal)pn)],
compounds, based on a kq/Ky criterion, within a
factor of 500—3200 of the enzymatic rates. Based on
the criteria of catalytic efficiency, stability as a dimer,
and cycling between the proper oxidation levels, the
[Mn"(2-OH(X-sal)pn)]. series and Mny(benzimpn)
were until recently the most significant advances in
manganese catalase mimicry. The [Mn"!(2-OH(X-
sal)pn)]. series also has the advantage that it is a
true catalyst in which all of the relevant complexes
have been structurally characterized. The [Mn!"'"Mn'V-
(2-OHsalpn)],*, which like the superoxidized form of
the Mn catalases is unreactive with H,0O,, shows a
signature EPR spectrum that is nearly identical to
that of the Mn'""Mn'V catalase. In addition, under the
appropriate conditions, [Mn"'(2-OHsalpn)], shows
azide insensitivity just as the enzyme does. Likewise,
treatment of this mixed-valence state with hydroxy-
lamine will reduce this species to a catalytically
active form. This observation was used to propose a
mechanism, Figure 36, for the formation of the
superoxidized Mn catalases in the presence of H,O,
and hydroxylamine.

A significant breakthrough in catalytic efficiencies
of manganese catalase mimics has been made re-
cently.®” The complex, [Mn'(bpia)(u-OAc)]»?~, can be
considered a structural model for the catalytically
active reduced form of manganese catalases because
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Figure 36. Proposed four-step mechanism for catalases.

of its imidazole/acetate donor set; however, the Mn—
Mn distance is quite long at 4.13 A. Reaction of this
compound with H,O, in N-methylformamide leads to
oxygen production with saturation kinetics at high
substrate concentrations. The observed rates are
truly exceptional, kege = 1.07 x 10°% s71 and Kt/ Ky =
3.4 x 10* Mt s, making this complex the most
efficient catalase mimic developed to date. These
values are within a factor of 17—92 in relative activity
to the three characterized manganese catalases,
exceeding the activity reported for arginase dispro-
portionation of hydrogen peroxide. Possibly most
impressive, the rates for [Mn'!(bpia)(u-OAc)],?~ rep-
resent a 1.7 x 10° rate acceleration as compared to
Mn!". While this system is very exciting and requires
further study, it does have its potential limitations.
Examination of the structure would suggest that the
complex dissociates during the catalytic reaction and,
as already mentioned, the Mn—Mn separation is too
long for a precise structural mimic of the enzyme.
Furthermore, we do not know whether this compound
is a catalyst or precatalyst, as detailed kinetic studies
have not been completed. In fact, it has not even been
confirmed that a Mn"" dimer is responsible for the
oxidative end of the catalytic cycle. Other mono- and
dinuclear compounds containing the bpia ligand did
not show catalytic activity. This includes Mn''Mn'"
and Mn""; species and a monomeric Mn'! derivative.
Thus, these complexes are eliminated as contributors
to the observed activity. A chloride-bridged complex,
[Mn;(bpia),(Cl),(«-0)]?~, has also been prepared and
serves as a mimic for halide-inhibited manganese
catalase; it shows no catalase activity, as would be
expected. Cyclic voltammetric data have suggested
that the lack of activity for the inhibition complex
may be due to a shift in redox potentials to more
positive values, an effect that arises presumably from
substitution of oxygen atoms for chloride. The [Mn-
(bpia)(u-0)],>~ complex, in the Mn'"Mn'V oxidation
level, has also been studied and is shown to be a
catalase mimic. This observation is interesting be-
cause many other Mn'"'"Mn'v dimers and the super-
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oxidized Mn catalase are catalytically incompetent.
Since the bpia system has not been completely
characterized, further studies are required to eluci-
date a possible mechanism of this reaction; at that
point, these complexes could be assessed as func-
tional mimics for manganese catalases.

6. Future Directions for Modeling the Manganese
Catalases

The previous sections have highlighted the devel-
opments in structural spectroscopic and reactivity
modeling of the manganese catalases over the past
20 years. Clearly there have been many successes
over this period, including small-molecule complexes
that are nearly as efficient hydrogen peroxide dis-
proportionation catalysts as the enzymes themselves.
Despite these advances, we still strive for better
models in order to understand more fully these
important detoxification reactions. The present gen-
eration of models is ever improving with respect to
mimicking the first coordination sphere of the man-
ganese ions and providing bridges that are reflective
of the enzyme active site.

6.1. Small-Molecule Models

Small-molecule models, in general, have several
severe limitations. One of the primary limitations is
that these low-molecular-weight compounds are un-
able to control the dielectric environment around the
manganese ions. Thus, one sees catalytic activity that
fluctuates greatly with solvent system; activity may
be greatly pronounced in one solvent system but
inactive in another. Another important limitation is
that most small-molecule models are highly sym-
metric species because it is challenging to synthesize
asymmetry into a single ligand and, in many cases,
dimeric models are produced by the symmetric as-
sociation of two identical monomeric units. Only
recently have ligands been developed that might
approximate the asymmetry of the dimanganese
active site; this synthetic approach is challenging but
worthy of consideration since effects of active-site
asymmetry on spectroscopic and functional charac-
teristics of dinuclear manganese sites have not been
fully explored due to lack of such models for study.
In addition, most small molecules cannot control
hydrogen-bonding and salt-bridging effects that occur
in enzyme active sites. These effects of first- and
second-sphere coordination environments are now
recognized as key structural features that influence
the properties of metalloenzyme active sites. On an
elementary level, basic first-sphere coordination can
now be modeled with the appropriate synthetic
ligand—although not many of these complexes em-
ploy nitrogen or oxygen donors that are identical to
amino acid side chains found in biology. Second-
sphere coordination with simple synthetic model
complexes is virtually unknown. Most models, how-
ever, fail to approximate any second-sphere coordina-
tion about the manganese center despite the fact that
the manganese catalase active site is embedded
within a four-helix bundle in the enzyme. Recent
advances in the area of de novo peptide design have
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broached an exciting new prospect for modeling first-
as well as second-sphere coordination about this
active site. Using these de novo-designed peptides,
one may easily be able to incorporate ligand asym-
metry into the design strategy.

6.2. Peptidic Models

The tremendous advances in molecular and struc-
tural biology over the past 20 years now allow
synthetic chemists the opportunity to design protein
sequences using first principles (de novo design) or
to redesign existing protein scaffolds in order to build
metallo-binding sites in proteins. De novo-designed
helical bundles can be a powerful tool for understand-
ing not only protein structure but function as well.
The goal is to design a novel peptide sequence that
will associate and fold to resemble a completely
native-like protein. In the case of manganese cata-
lases, the target is a short peptide sequence that
would not only assemble in a four-helix bundle but
also bind two manganese ions in a manner similar
to that of the native enzyme. This construct would
be an extremely important model, given its potential
for allowing investigation of structure—function—
spectroscopy relationships.'7:168 This new approach
to modeling is, with one exception, undeveloped with
respect to dinuclear metallopeptides. Historically,
metal binding sites were inserted into a short protein
sequence as discrete units (prefolded amino acid
sequences were modified by site-directed mutagen-
esis to include amino acids amenable to metal bind-
ing).5116° This was quickly followed by substitution
of metal-binding side chains in the protein ligands
so that subsequent association of three or four of
these polypeptides would provide trihistidine,'”° hexa-
histidine,'"* or tricysteine’2173 sites for metal binding
within an o-helical bundle. Three-coordinate zinc
sites have also been designed into four-helix bundle
proteins,'’* and other sites possess a different set of
side chains that emulate the binding of zinc in zinc
finger enzymes,*” iron (methane monooxygenase and
ribonucleotide reductase),'’®177 copper (blue copper
sites),178180 jron—sulfur clusters,’®-18 and heme
maquettes.’®185 In the latter case, metal insertion
into the peptide bundles was achieved by introducing
a prosthetic group such as a porphyrin or other
synthetic appendages onto the peptide structure.
Most of these metallopeptides are designed to bind
only one metal since insertion of the charged, metal-
binding side chains destabilizes the hydrophobic
interior that is responsible for stable folding and
bundle assembly.

Only one example of bimetallic peptides has been
reported that binds both metal centers in close
proximity. The peptide, DF1, is a recent development
by DeGrado and co-workers and represents an ideal-
ized model for carboxylate-bridged proteins such as
methane monooxygenase, the R2 subunit of ribo-
nucleotide reductase, ferritins, and manganese cata-
lases. The DF1 polypeptide was originally designed
to form a dimeric four-helix bundle; each monomer
is a helix—turn—helix such that two of these mono-
meric units assemble into an antiparallel four-helix
bundle. The core of the four-helix bundle is lined with
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Figure 37. Crystal structure of Zny(DF1),. Perpendicular
views of the peptide bundle showing the six chelating
residues. Reprinted with permission from ref 186. Copy-
right 2001 The Protein Society.

hydrophobic residues, and the dimetal binding site
is located near the center of the structure for greatest
stability. This site has been shown to bind two iron
ions or two zinc ions effectively;® both of these
bimetallic peptide structures have been crystallo-
graphically confirmed with the structure of the zinc
enzyme shown as Figure 37. Additional evidence
supports formation of the binding site even in the
apo-peptide. Although the system is promising, the
DF1 peptide system has its limitations. First, the
protein shows only limited solubility in aqueous
solution. Second, the bundle assembles into a coher-
ent structure that is thought to prohibit solvent
access to the metals, a feature that is critical if the
dinuclear metal site is to be catalytically active
(substrates must be able to gain access to the active
site). Despite such limitations that might hinder
progress toward design of a catalytically active pep-
tide model based on DF1, the peptide does indeed fold
and assemble into the intended structure and bind
two metal ions with bridging glutamates, although
complexation with iron did not readily form a diferric
oxo-bridged core.

A modification of DF1 is the DF2 peptide which
effectively resolves the issues of its precursor. DF2
achieves better water solubility by replacing leucine
residues on the exterior with side chains that would
increase hydrophilicity: tyrosine, glutamine, alanine,
serine, asparagine, and aspartate. The solubility of
DF2 increases with pH over the range 4—7 and is
soluble up to about 0.5 mM, although the hydropho-
bic stabilization is disturbed in this new peptide so
that analytical ultracentrifugation analysis shows the
presence of higher order aggregates of the apo-DF2
peptide (at near neutral pH). The aggregation is pH
dependent, and the dimeric apo-DF2 peptide is
favored at lower pH.

Crystal structures of dimetallic DF2 peptide have
been obtained with two manganese atoms bound in
the interior of the bundle. Unfortunately, binding of
dinuclear manganese to DF2 does not result in one
unique structure, and the presence of three crystal-
lographically distinct manganese-bound DF2 dimers
has been detected. These dimers vary in intermetal
distance from 3.6 to 3.9 A. More importantly, in the
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Figure 38. Tyrosine placement in the second sphere and
hydrogen-bonding network that influences the bound metal.
Reprinted with permission from ref 187. Copyright 2001
American Chemical Society.

DF2 system, solvent access is achieved with a leu-
cine-to-alanine mutation, and one crystal structure
shows the presence of a bridging DMSO molecule
between the manganese centers. Introduction of
second-sphere coordination about the metal site is
achieved with a tyrosine placed at the appropriate
location (Figure 38) and aids in providing for sub-
strate access to the metals.’®” It is important to note
that the intermetal distance achieved by the peptide
is 3.66 A for the substrate-bound manganese ions.

Further study is necessary to determine whether
the [Mn(DF2)]. complex retains its overall structural
configuration in solution, retains its metal-binding
characteristics in solution, and can exhibit catalase-
like activity and spectroscopic signatures resembling
those of the enzyme. Such studies on this and
subsequent Mn,—polypeptide complexes may facili-
tate a better understanding of protein folding and
assembly, of first- and second-sphere influences on
a bimetallic site, and of activity arising from that
active site. This understanding will further elucidate
the combination of structural, spectroscopic, and
functional characteristics that constitute manganese
catalases.

6.3. Concluding Remarks

Thus far, research with biomimetic models has
provided a wealth of information that has aided the
interpretation of complex spectra, like those obtained
from pulsed EPR experiments or XANES. Complete
characterization of series of models will allow us to
probe relationships between structure and magnetic
coupling or how structural modifications affect redox
potentials of the bound metals. There is still much
work that can be done in this ever-expanding field
of study. For example, of great interest is the ques-
tion of how halides, azide, and ammonium hydroxide
bind to and inhibit the manganese catalases. Al-
though inhibited catalases show particular spectro-
scopic features, few conclusions can be drawn as to
where the binding of inhibitors occurs, what the
binding mode is, and how the metal centers are
perturbed. Further development and characterization
of inhibition models with fluoride, azide, and am-
monium hydroxide may provide answers to some of
the questions. Thus far, few inhibition models have
been produced. Most have not been fully character-
ized, and more investigation into inhibition models
is required to reveal details about how these anions
may inhibit the enzyme.



Models for the Manganese Catalases

Structural models have progressed from the more
speculative prior to high-resolution crystal structure
analysis of the enzyme to the more corroborative. The
corroborative modeling approach is intended to match
the high-resolution data obtained for the active site
of the enzyme. The first coordination sphere is
accounted for by some of the simpler dimanganese
ligand complexes. More recently, however, the second
coordination sphere is generally accepted as being
critical to tailoring properties of the metal centers.
This is especially true in metalloproteins, and more
complex models should eventually reflect this level
of sophistication.

Spectroscopic models have thus far been used to
elucidate magnetic, electronic, and structural proper-
ties of the enzyme. These models can be used to
understand the reaction pathway by which the
enzyme proceeds. No model system has been devel-
oped as yet that provides sufficient likeness of all
features of the enzyme in all its various oxidation
states. Further exploration in this area can help
elucidate properties of more complicated models and
deconvolute information contained in the more com-
plex spectral features obtained from pulsed EPR for
example.

Improved reactivity models are certainly a neces-
sity. While modern structural biology has allowed us
to understand in high resolution the protein structure
of the Mn catalases and their active sites, there are
currently no ways to characterize each independent
step in such manganese systems. For this, model
complexes provide a unique way of testing mecha-
nisms in these systems. This having been said, model
complexes still have their limitations. None have so
far achieved rates of catalysis matching that of the
enzyme. Only a handful show promising reactivity
while utilizing the appropriate oxidation states dur-
ing catalysis. Only one or two of those model systems,
in fact, uses nitrogen donors that are similar to
biological nitrogen donors. Mechanistic characteris-
tics of the model complexes vary widely along with
activity. Further discovery and characterization of
reactivity models is a challenging but vital area of
study. Inclusion of peptidic models and development
of catalytically active peptides may prove extremely
beneficial to elucidating a mechanism by which
hydrogen peroxide disproportionation occurs. The
final approach may allow us to satisfy the old adage
that we only truly understand a system when we can
build it from scratch.
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8. Glossary of Abbreviations
AcAc 2,4-pentadione

Acporph 2,2'-benzyl-5,5'-(1,3-diiminopropyl)-dipyr-
role macrocycle

benzimpn N,N,N',N’-tetrakis ((N-alkyl) benzimid-
azolyl)-1,3-diaminopropan-2-ol

bispicen N,N’'-bis(2-pyridylmethyl)-1,2-ethanedi-

amine
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bpea N,N-bis(2-pyridylmethyl)ethylamine
bpg N,N-bis(2-pyridylmethyl)glycine

bpy, bipy 2,2'-bipyridine

Bpsalden N,N-bis(2-pyridylmethyl)-N'-salicyliden-

1,2-diaminoethane

dahpta 1,3-diamino-2-hydroxypropane-N,N,N',N'-
tetraacetic acid

dpa N,N-bis(2-pyridylmethyl)glycine

edda ethylenediamine-N,N'-diacetate

en ethylenediamine

Hbbml 2-[bis(2-benzimidazolylmethyl)amino]-
ethanol

HPX-CO;H 5-[4-(5-methoxycarbonyl-2,7-di-tert-butyl-
9,9-dimethylxanthenyl)]-10,15,20-tri-
mesitylporphyrin

Hsaladhp 2-(salicylideneiminato)-2-methyl-1,3-di-
hydroxypropane

Hssalpn 1,3-bis(salicylideneiminato)propane

H([5-Cl-sal]pn) 1,2-bis((5-chlorosalicylideneiminato)pro-
pane

H,([2-OH-sal]pn) 1,3-bis(salicylideneiminato)-2-hydroxy-
propane

Hsalen 1,2-bis(salicylideneiminato)ethane

Hssalps N,N'-[2,2'-dithiobis(phenylene)]bis(sali-
cylideneaminato)

Manf mannofuranose

OAc acetate anion

OEP octaethylporphyrin

phen 1,10-phenanthroline

Picphpy 2-(bis(2-pyridylmethyl)aminomethyl)-6-
((2-pyridylmethyl)(benzyl)aminometh-
yl)-4-methylphenol

salimH,*~ [2-(salicylideneimine)ethyl]imidazole

salpentOH 1,5-bis(salicylidenamino)pentan-3-ol

TBA tetra-n-butylammonium cation

Tmeda N,N,N’,N'-tetramethylethylenediamine

TMIMA tris(1-methylimidazol-2-yl) methyl)-
amine

Tol o-toluic acid

TPA, tmpa tris(2-pyridylmethyl)amine

TPP tetraphenylporphyrin

9. Note Added after ASAP Posting

After this article was posted ASAP on 1/3/2004, a
change was made in the next-to-last paragraph of
Section 3.1, where the u-o0xo compound reported by
Kitajima et al. in ref 59 is a Mny(l1l,111), not a
Mng(11,11) compound. The correct version was posted
1/19/2004.
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